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PREFACE 

The Seventh Joint MMM-Intermag Conference was held 6-9 January 1998, in San Francisco, 
California at the Hyatt Embarcadero Hotel. The Conference was attended by more than 1,800 
registrants, and represents the largest conference on magnetic materials and devices held to date. 
The high attendance indicates the worldwide research in magnetism and expanding applications 
for new magnetic materials, particularly in the field of magnetic storage. 

An exciting program of 1,143 papers included six invited symposia on Present and Future 
Tape Systems, Layered Manganites, Electrodeposited Magnetic Nanostructures, Exchange Bias- 
ing, High Speed Magnetic Recording, and Advances in Magnetic Imaging. Additional highlights 
included a panel discussion on the history and future of magnetic storage data and a tutorial 
session on magnetic imaging sponsored by the IEEE Magnetics Society Education Committee. In 
the IEEE Awards Session, Dr. Jean-Pierre Lazzari was honored as the recipient of the Johnson 
Storage Medal, and Professor Stanley Charap was the recipient of the Magnetic Society Achieve- 
ment Award. 

The number of abstract submissions representing 45 countries was an astounding 1,940; 
which was 50% more than at any previous MMM, Intermag, or Joint MMM-Intermag Conference. 
The size of the program, however, was limited by hotel space and page allotments in the Journal 
of Applied Physics and the IEEE Transactions on Magnetics. By creatively using poster space, up 
to six parallel oral and six parallel poster sessions were accommodated, and, at times, the meeting 
rooms were crowded. Publication constraints helped limit the allowed number of accepted ab- 
stracts at 1,143, resulting in a rejection rate for contributed abstracts of 41% versus a historical 
figure of approximately 30-35%. This was a painful, but unavoidable process for everyone. It is 
difficult to make narrow distinctions between hundreds of diverse abstracts and it emphasizes the 
importance of carefully written submissions. 

The conferences historically have had difficulty with social events, largely as a result of the 
contrary demands within our community of high expectations and low cost. This year, after 
considerable soul searching, a nearby restaurant-brewery was selected which happily provided an 
enjoyable, sudsy evening. 

This year, as the Conference took shape, I was impressed with our community's ever- 
increasing use of electronic document processing and handling. This contrasts with processes used 
in the "early" days. In 1963, for example, the MMM Program Committee met at IBM-Yorktown 
Heights, New York. After the Program Committee met, the Program Chairman took the accepted 
abstracts, drove to a rest stop halfway down the Garden State Parkway, and turned the accepted 
abstracts over to the Local Chairman who then raced back to Philadelphia to have all the abstracts 
re-typed manually in a common font. Each abstract was then cut-and-pasted one-by-one to fit into 
the Program Book before going to the printer! Although technology has changed significantly in 
35 years, both conferences were very successful. 

Questions have been raised about the usefulness of the Joint Conference. The first Joint 
MMM-Intermag Conference was held in 1976, and, Dr. Emerson Pugh, the General Chairman, 
summarized the results as follows: "The real success lies in the opportunity afforded scientists, 
technologists, and engineers from all over the world to discuss topics of mutual interest, to learn 
to understand each other better, and thus to return to their own laboratories invigorated and better 
prepared to contribute to this rapidly evolving field of modern technology." I believe this is still 
a compelling reason to continue having the Joint Conference, which is supported by attendees 
surveyed at this Joint Conference by a margin of two to one. 

A unique feature of our field is the extent to which its history is documented in the familiar, 
annual printed issues of two journals. Economic realities combined with technological innovation 
may lead to changes in our traditions. Future Chairmen will be forced to confront these changes, 
hopefully with the same wisdom shown by the organizers of the first MMM (1955) and the first 
Intermag (1963) Conferences. Somehow, a conference held solely on the World Wide Web would 
seem to be a poor substitute for direct contact and interchange in a beautiful city. 

Finally, I extend my sincerest thanks to all the members of the organizing committees who 
worked continually and diligently for more than a year to make this Joint Conference a success. 

Bill Doyle 
General Chairman 

Seventh Joint MMM-International Magnetics Conference 
University of Alabama 

Tuscaloosa, Alabama 
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Time-resolved microscopy enables valuable new measurements of the dynamics of resonance and 
relaxation in a range of magnetic systems. An overview of the scope of applications to 
ferromagnetic microstructures is presented. These include observations of ferromagnetic resonance 
and spatially nonuniform modes of oscillation, studies of magnetization reversal, and 
characterizations of the speed of magnetic recording devices. © 1998 American Institute of 
Physics. [S0021-8979(98)36511-l] 

I. INTRODUCTION 

Recently, novel experimental information concerning the 
dynamics of a variety of magnetic systems has been obtained 
using picosecond time-resolved laser techniques combined 
with diffraction-limited optical microscopy. Ultrafast optical 
methods have been in use for some time in the extraction of 
relaxation and resonance information from magnetic 
systems.1-4 The addition of microscopic spatial resolution 
powerfully extends the approach to much smaller specimens, 
enabling measurements of relaxation in micrometer-scale 
structures, as well as some imaging of spatially nonuniform 
dynamics.5'6 In this paper we describe the study of ferromag- 
netic dynamics in small permalloy structures using this tech- 
nique. A similar procedure applies to the time-domain char- 
acterization of devices such as high-speed magnetic 
recording heads. 

In addition to the good spatial and temporal resolution 
achieved using an optical technique, another key aspect is 
the ability to perform vector measurements of the magneti- 
zation. The component of magnetization parallel to the wave 
vector of the incident light is resolved in the experiments. A 
vector measurement is not crucial to paramagnetic relaxation 
measurements, but is essential in order to perform magnetic 
resonance and ferromagnetic relaxation studies. Controlling 
the optical configuration, we are able to track dynamical ex- 
cursions of the magnetization in three dimensions through 
polar and longitudinal Kerr effect measurements. 

II. EXPERIMENTAL DETAILS 

An example of an experimental geometry for spatially 
resolved time-domain ferromagnetic resonance measure- 
ments is shown in Fig. I.6 The single turn lithographic coil is 
patterned from a gold film with a titanium adhesion layer. A 
fast electrical pulse generated using a photoconductive 
switch propagates around the coil, inducing a transient mag- 
netic field at the sample, perpendicular to the substrate (the 
tipping pulse). The rise time of this pulse at the sample is 
limited to ~20ps by dispersion of the coil leads, and the 

decay time constant is ~ 500 ps. Peak tipping field ampli- 
tudes are limited to ~ 30 Oe with this coil. The static mag- 
netic field is applied in the plane of the sample, and the polar 
Kerr effect is used to record the out-of-plane component of 
the magnetization. Resonant precession of the magnetization 
(about the static field) induced by the tipping pulse is re- 
flected in oscillations of the polar Kerr signal. 

The permalloy films used in this work are sputter depos- 
ited in a load-locked ultrahigh vacuum chamber pumped to a 
base pressure of ~5X 10"8 Torr. A permanent magnet as- 
sembly is used to apply an in situ static field of approxi- 
mately 150 Oe in the plane of the substrate to establish an 
easy axis. The resulting films have low coercivity (<2 Oe in 
the easy direction), and low resistivity (~20/ifl cm) indi- 
cating very little oxidation. SIMS analysis of the films show 
the composition to be 83% Ni 17% Fe (by weight), fairly 
close to the 81/19 proportion of the target. Patterning of the 
films is accomplished through photolithography and wet 
chemical etching, yielding the very smooth edges with a 
slight undercut profile as seen in Fig. 1(b). 

FIG. 1. Electron micrographs of the 8 pm diameter permalloy disk sample. 
Left panel: plan view, showing the surrounding lithographic gold coil. Right 
panel: tilted close-up view, clearly showing the clean edge of the disk. 
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FIG. 2. Examples of the response to the pulsed field of the out-of-plane 
component of magnetization, measured at the center of the disk by the polar 
Kerr effect. The solid lines are fits to the data using the Landau-Lifshitz- 
Gilbert equation, using the same parameters for each value of the static field. 

III. RESULTS 

A. Resonance 

The modal resonance frequencies are determined by the 
maxima in the power spectra of Fourier transformed time- 
domain data. The in-plane magnetic field dependence of the 
characteristic frequency is well described by the Kittel rela- 
tion for an infinite plane, as may be expected for such a large 
(on the scale of the domain wall width) disk. Modeling the 
time-domain data in more detail through numerical integra- 
tion of the Landau-Lifshitz-Gilbert equation, we find very 
good agreement.6 Data are shown in Fig. 2 for a range of 
values of the in-plane field. The measurements (shown by 
the dotted lines in the figure) were made with the 0.7 /urn 
laser spot focused at the center of the particle. The f = 0 
position is arbitrary, corresponding to the initial position of 
the delay line at a location yielding a reasonable baseline 
determination before onset of the signal. Using a pulse shape 
determined from higher field data by the procedure estab- 
lished in Ref. 7, the curves are all fit using the same set of 

FIG. 3. A collection of full spatial images of the polar Kerr signal at times 
corresponding to the successive peaks in the signal at the center of the disk 
in a static field of 500 Oe. 

parameters. The results of the fit are shown by the solid lines. 
Only the dimensionless Gilbert damping parameter is adjust- 
able, and we find a = 0.008, in reasonable agreement with 
earlier careful microwave measurements of Patton and 
co-workers.8 Note that these results represent the response of 
the magnetization to a very broad-band excitation. The high 
frequency components associated with the rising edge of the 
pulse excite the resonant oscillations, which then ring-down 
according to their intrinsic damping rate. Meanwhile the 
magnetization vector parametrically follows the slowly de- 
caying tail of the field pulse (consisting of that part of the 
spectrum of the broad-band excitation below the resonance 
frequency), giving rise to the offset of the centerline through 
the envelope of the oscillations. 

Time-resolved images of the magnetization across the 
whole disk clearly show the presence of nonuniform modes 
of oscillation, however. At these dimensions we are in an 
intermediate size regime, where the modal frequencies are 
not yet strongly influenced by size effects but the spatial 
response definitely is.6 Figure 3 shows a set of time-resolved 
magnetic images of the particle. With the static bias field at 
500 Oe (horizontal), an image was taken for a series of time 
delays corresponding to successive peaks in the oscillations 
measured at the disk's center. Strikingly apparent are the 
enhanced initial responses at the edges (dark corresponds to 
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higher signal), that subsequently seem to propagate toward 
the center as a kind of shock wave. The effective velocity is 
on the order of 104 m/s, much faster than a domain wall 
velocity, for example. The observation of enhanced response 
at the edges along the field direction is qualitatively consis- 
tent with the fact that in static equilibrium these edges are 
already demagnetized, and should be able to respond to the 
tipping field more easily. In contrast, no such effects are seen 
at the edges one-quarter of a rotation around the disk from 
these points, where there are no free poles in the initial mag- 
netic configuration. In these data, a reflection in the electrical 
pulse induces a bit of additional structure after the fifth peak. 
At long time delays, the spatial mode of oscillation becomes 
more uniform again. To highlight the nonuniformity, the 
gray scale in each image is adjusted to span between the 
minimum and maximum levels of the signal. In the later 
frames (8,9,10) the signal becomes quite uniform across the 
disk, with variations not much greater than the noise level in 
the measurement. The scaling procedure then mainly high- 
lights the noise, which appears as graininess. 

From these images we can conclude that we should in 
fact expect discrepancies between the Landau-Lifshitz- 
Gilbert model and the time domain data for this sample. 
Consistently poorer agreement is found between the data and 
the model in Fig. 2 over a time interval that begins coinci- 
dent with the arrival of the nonuniform response at the center 
of the structure. A more detailed numerical model taking into 
account the initial magnetic configuration of the disk seems 
essential to further quantitative progress. 

B. Reversal 

In-plane dynamics of the magnetization, and most spe- 
cifically those aspects related to magnetization reversal, are 
also of great interest at the present time.9~13 In order to ad- 
dress these questions using time-resolved microscopy, it is 
only necessary to reconfigure the "vector geometry." We 
measure the in-plane components of the magnetization (par- 
allel and perpendicular to the static magnetic field) using the 
longitudinal Kerr effect implemented in the traditional man- 
ner by masking half of the beam. While this is the simplest 
approach, one must beware that a mix of polar and longitu- 
dinal signals is observed when there is also an out-of-plane 
magnetization present. In addition the effective numerical 
aperture in the masking direction is halved, resulting in an 
elongated focus and some loss of spatial resolution. 

The other important geometric change is to place the 
transient magnetic field in the plane of the sample. Placing 
the sample directly on top of a current carrying transmission 
line straightforwardly does this. A cross-sectional schematic 
of the arrangement used in this work is illustrated in Fig. 4. 
The transmission line is 300 nm by 40 /xm gold, relatively 
thick for high current carrying capacity, and broad for mag- 
netic field uniformity at the sample. The current pulses in 
this case are generated by an avalanche transistor pulser (Pi- 
cosecond Pulse Labs Model 2000D). An insulating spacer 
(25 nm Si02) on top of the gold electrically insulates the 
permalloy from the transmission line, and optimally posi- 
tions the magnetic sample in the in-plane field. The calcu- 
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FIG. 4. (a) Cross-sectional geometry showing the configuration for applying 
transient fields in the plane of the sample, (b) Calculated cross-sectional 
transient field profile for the volume occupied by the samples. 

lated field distribution above the transmission line is shown 
in Fig. 4(b). 

The permalloy samples for this study are rectangular 
bars, again produced by sputtering in the UHV system fol- 
lowed by optical lithography and wet chemical etching. Ini- 
tial magnetic characterizations are performed optically, using 
a small electromagnet to apply in-plane field to the sample. 
Spot measurements of the hysteresis are performed, with the 
laser focused at specific locations. As these results are 
strongly position dependent (the bars are much easier to satu- 
rate near the center than near the ends) we also use an im- 
aging method to characterize the static magnetic properties 
of the samples. The synchronous response to low frequency 
(280 Hz) ac fields is measured, yielding a signal representing 
the difference of the magnetization between positive and 
negative fields. Magnetic images taken for different field am- 
plitudes show how the hysteresis varies as a function of po- 
sition. A typical result is shown in Fig. 5. This is the longi- 

FIG. 5. A longitudinal Kerr image showing the signal change due to mag- 
netization reversal of the 10X4 /xm bar in a ±30 Oe field switching at 280 
Hz. 
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FIG. 6. Changes of the x component of magnetization (larger signals shown 
brighter) for a 20X 6 /j,m bar in a - 5 Oe static biasing field, (a) Shift of the 
domain wall after 5.5 ns in a small tipping field, (b) and (c) are typical y-t 
diagrams for small and large tipping fields, respectively, where a linear 
vertical spatial scan across the center of the bar is repeated for increasing 
delay times. Note the change in time scale between (b) and (c). 

tudinal Kerr signal (x component of the magnetization, 
parallel to the static field) from a 4X 10 /xm particle for a 
± 30 Oe square-wave field modulation, showing a uniformly 
magnetized and saturated central region. Recording the dif- 
ferent Kerr components reveals information about the mag- 
netic anisotropy at the ends (due mainly to demagnetizing 
effects). Such static images provide a direct point of com- 
parison for the dynamical studies. A very detailed portrait of 
static reversal in permalloy bars was developed much earlier 
through Bitter pattern images, which have higher spatial 
resolution than the present optical experiments.14 

A first glimpse at the dynamical information accessible 
in time-resolved studies of magnetization reversal is seen in 
the following data of the response of a nonuniformly mag- 
netized permalloy rectangle to a pulsed field in the plane of 
the particle. We examine a 20 /tmX 6 fim rectangle (50 nm 
thick) with the static bias magnetic field parallel to the long 
direction. This bar is oriented transverse to the current flow 
direction of the transmission line so that the transient mag- 
netic field is parallel (or antiparallel) to the bias field. In a 
field of - 5 Oe, the static configuration of the particle corre- 
sponds to two antialigned domains along most of the length 
of the bar, with the domain wall near the center, and some 
closure domains at the ends. Time-resolved measurements 
are then performed to study the approach to saturation in- 
duced by the (0.4 ns rise time, 1.5 ns fall time, 10 ns dura- 
tion, opposite polarity to the static field) pulsed magnetic 
fields, starting from this simple demagnetized state. 
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FIG. 7. (a) Wall shift as a function of time determined by integrating the 
reversed component along y in data as shown in Fig. 6(b). (b) The effective 
reversal speed as a function of tipping field amplitude, determined from the 
linear slope of curves as in (a). 

As a function of the amplitude of the pulsed field, two 
distinct regimes are observed in the reversal dynamics of the 
initially antialigned domain. At smaller pulse amplitudes 
(less than ~ 60 Oe) the reversal proceeds via uniform motion 
of the central domain wall towards the edge of the bar. Char- 
acteristic data are shown in Fig. 6. Panel (a) is a snapshot of 
the magnetization change 5.5 ns after the onset of the pulse. 
The light area is the region that has been swept out by the 
moving domain wall. To see the progression in detail, the 
change in the longitudinal Kerr signal is shown in two di- 
mensional images in Figs. 6(b) and 6(c) where the vertical 
axis corresponds to position along a line section through the 
center of the bar (in the short direction, y), while the hori- 
zontal axis is time. The signal growing with time in Fig. 6(b) 
for a small tipping field arises from motion of the domain 
wall with nearly constant velocity. The initial displacements 
of the wall are well below the spatial resolution of the mi- 
croscope, so the rate of reversal is extracted by integrating 
the Kerr signal across the particle and plotting the integral as 
a function of time, as in Fig. 7(a). Normalizing the curve by 
the saturation signal divided by the width of the bar, the 
slope can be converted to a wall velocity. 

Reversal rates as a function of pulsed field amplitude are 
shown in Fig. 7(b). A couple of points are of particular note. 
First, we do not observe a linear region at low fields, indi- 
cating that the motion cannot properly be described using a 
wall mobility. This may be indicating that we cannot ignore 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Freeman, Hiebert, and Stankiewicz       6221 

1 JO*s»0*-V>^~~-~V              1 

s?^ 

■g-o.8 
,.,. */    20x4 

a 'I       ■       I     \                   \ 
I              ,      \l0x4            \ 

// 
§ 0.6 _^^           4x4 

2 
£ 0.4 
t 
2 

0.2 

,0             1 2             3 

I       K   \ /. \ 20x4 

1        i\      ^V 
4x4 V^^^^/^ 

10 20 30 
Time [ns] 

40 50 

FIG. 8. Time dependence of the x component of magnetization measured at 
sample center for three different structures, 4x4, 10X4, and 20X4 ßm 
(light, medium, heavy line, respectively). -35 Oe static field, tipping field 
amplitude + 140 Oe. The dashed line shows the shape of the pulse, and the 
inset shows the rising edge response in more detail. 

the influence of the closure domains at the ends of the bar on 
the motion of the wall. Second, at pulse amplitudes above 65 
Oe, there is a nearly linear region, possibly preceeded by a 
discontinuity in the curve. The images of the magnetization 
are qualitatively different in this regime, with the reversal 
proceeding not by movement of the domain wall but rather 
through a rotation process which propagates through the cen- 
ter of the domain after nucleating near the closure domain 
boundaries at the ends. This is clearly evident in Fig. 6(c), 
where change in the longitudinal Kerr signal is seen to begin 
not at the wall but closer to the center of the domain, and to 
develop symmetrically about this point. The distinct asym- 
metry arising from wall motion in Fig. 6(b) is notably absent. 
Therefore the reversal rates found at higher fields in Fig. 7 
cannot correctly be interpreted as velocities because of this 
change in reversal mechanism. Normalizing the data as de- 
scribed above, the maximum wall speed we find before this 
phenomenological change is 650 m/s at 60 Oe. 

A great richness of phenomena is observed upon pursuit 
of these investigations to higher fields. Beginning from an 
equilibrium state in which the centers of the bars are uni- 
formly magnetized (static field of - 35 Oe), we obtain a view 
of the speed of reversal by recording the time evolution of 
the magnetization change with the laser focussed at the cen- 
ter of the structure. Results are shown in Fig. 8 for 4 /on 
wide samples of three different lengths, 4, 10, and 20 /im. 
The 10 ns duration transient field has amplitude 140 Oe. The 
rising and falling transitions are markedly asymmetric, par- 
ticularly for the longest and shortest samples. It is clear from 
the expanded view of the initial switch in the inset that re- 
versal at the center occurs more rapidly for the shorter bars. 
The rise time of the pulse itself starts to become significant 
in limiting the speed for the 4 X 4 /x,m structure. 

Much more information is available in full time-resolved 
images of the magnetization. We -observe that the reversal 
process starts with a wave-like spatial oscillation of the in- 
plane magnetization. Figure 9 has panels showing the three 
components of the magnetization (long, x, long, y, polar) for 
the 10X4 /um particle at t = 2> ns after the onset of the field 
(see the abscissa of Fig. 8). The oscillation is initially quite 

FIG. 9. The nonuniformity of response during the initial flip is shown in this 
set of magnetic images taken for the 10X4 /xm bar at t= + 3 ns, under the 
conditions of Fig. 8. (a) Longitudinal (x) component, (b) Transverse (y) 
component, (c) Polar (z) component. 

symmetric about the equilibrium (x) direction, and shows up 
most dramatically in the y component. One direction then 
grows at the expense of the other, culminating in reversal. 
The relative degree to which this behavior is related to the 
"concertina" structure seen in static reversal,14 or is induced 
by dynamics, remains to be sorted out. The wavelength of 
the spatial variation appears to be extremely stable and re- 
producible. At the same time these oscillations are clearly 
observed only on the rising edge of the pulses. Two effects 
may be at work to cause different behavior on the trailing 
edge. The time rate-of-change of the magnetic field is con- 
siderably less when the pulse shuts off relative to when it 
turns on, making it less effective at driving a dynamic insta- 
bility. In addition the switched state may be more uniformly 
magnetized because of the unequal amplitudes of the static 
and transient fields, although the bar may not have com- 
pletely relaxed into a switched equilibrium state by the end 
of the 10 ns pulse. 

Strong dependences on sample size are also found in 
imaging. Some results from a more detailed investigation of 
magnetization reversal in the longer bar are reported in a 
companion paper.15 
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IV. DISCUSSION 

The present work only begins to scratch the surface of 
what is possible with these pulsed optical methods. Many 
other materials systems and geometries remain to be inves- 
tigated with our present set-up. Some of the choices will be 
guided by the desire for convergence between experiment 
and micromagnetic simulations, an obvious goal for the near 
term. The immediate goal is to study smaller particle sizes. 

The same experimental techniques are well suited to the 
characterization of devices and media for magnetic record- 
ing, particularly when high speed is an issue.1617 The utility 
of such measurements is further enhanced by time-domain 
magneto-optical measurements of currents, for direct com- 
parison between the response (e.g., of the magnetization at 
the pole tips of a recording head) and the input (e.g., the 
drive signal to the coil). A stroboscopic "movie" of the 
magnetization at the air bearing surface of a write head in 

1 Q 

response to a dibit input can be viewed on the internet. 
In terms of the experimental method, there are many 

potential improvements that would further broaden the range 
of significant applications. Although the speed of the tech- 
nique is more than adequate for our present studies, this is 
material dependent. Awschalom and co-workers4 have stud- 
ied much faster dynamics in magnetic semiconductors using 
optical excitation of the sample. Substantial improvement of 
the speed of pulsed magnetic field generation is required be- 
fore our approach can enter the sub-picosecond regime. Of 
even more interest is increasing the amplitude of magnetic 
field pulses, to open the door to large tipping angle measure- 
ments and associated nonlinearities in resonance. Studies of 
reversal in magnetically harder materials would also be of 
interest, as in the case of studies of high-speed switching in 
media by Doyle and co-workers.19 At present we are unable 
to pass more than about 300 mA peak current through the 
photoconductive switches. The corresponding current densi- 
ties are very high and may be near to intrinsic damage 
thresholds of the materials, but the fact that the quantum 
efficiency of the devices is very low suggests that there may 
still be room for significant improvement here. 

It is also imperative to improve spatial resolution in or- 
der to investigate the detailed micromagnetic dynamics of 
much smaller ferromagnetic particles. In the present experi- 
ments some information is already lost below the limit of 
spatial resolution, especially near the edges of the particles. 
When we attempt to cleanly separate the vector components 
of the magnetization the demands on resolution increase still 
further. Because of unwanted "clipping" of the beam which 
occurs as the focus spot scans over an edge, a small focus 

also helps in keeping the entire laser spot on the particle as 
close to the edge as possible. We have developed a solid 
immersion lens capability for these experiments offering im- 
provements of a factor of three in spatial resolution over that 
achieved here.20 This is probably good enough to explore 
strong size effects and to be useful for the next few genera- 
tions of magnetic devices, but certainly not for superpara- 
magnetic particles or for such devices as seem certain to 
exist before the "endpoint" of magnetic recording is 
reached. In this regard the near-field and second harmonic 
generation methods of Silva, Rogers, and co-workers21 are 
particularly exciting. 
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tip dependence 
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Quantitative interpretation of a magnetic force microscopy (MFM) image usually requires detailed 
knowledge of the magnetization configuration of the sensing tip. Here, we demonstrated a technique 
that converts the obtained raw MFM image into the magnetic pole density distribution without 
explicitly knowing the tip magnetization orientation. By creating an approximate point source of 
magnetic poles in the same sample imaged, the impulse response function of the MFM tip is 
obtained for deconvolution of a raw image in the Fourier space. Experimental demonstrations with 
various tip magnetization orientations were performed on recorded magnetic transitions in a thin 
film longitudinal medium.   © 1998 American Institute of Physics. [S0021-8979(98)53811-X] 

I. INTRODUCTION 

Magnetic force microscopy (MFM) has been used exten- 
sively in imaging magnetic structure in magnetic materials 
and devices. However, any MFM image depends on magne- 
tization configuration of the sensing tip used, while the tip 
magnetization configuration can be very complicated. Lack 
of the knowledge of the tip magnetization orientation often 
results in difficulties in interpretation of the obtained images. 
Direct calculations on tip magnetization configuration have 
been undertaken, however, it is often intensive and requires 
detailed knowledge of the tip magnetic film micro- 
structure.1"3 

A simple deconvolution technique has been proposed 
previously.4 However, using the ends of magnetized elon- 
gated narrow bar as an ideal magnetic pole point source pre- 
sents many difficulties in practice. In this paper, a point 
source is created on the same sample imaged. The technique 
to convert a raw MFM image to the corresponding magnetic 
pole density distribution is presented in detail and demon- 
strated experimentally. 

II. DESCRIPTION OF THE TECHNIQUE 

A magnetic force microscope senses the gradient of the 
magnetic force exerted on the sensing tip due to the stray 
field of the sample. Assuming the measurement response is 
linear (which requires the tip magnetization be rigid), the 
obtained image I(x,y) can be written as the convolution of 
the tip impulse response function and the magnetic pole den- 
sity distribution, from which the stray field originates, as 
follows:4 

I(x,y)-- ■■] p(x',y')-h(x-x',y-y')dx'dy', (1) 

where p(x,y) is the magnetic pole density distribution in the 
sample and h (x - x' ,y - y') is the tip impulse response func- 

tion with tip at (x,y) and point pole source at (x',y'). The 
image for a point pole source at the origin is the tip impulse 
response function: 

Ip(x,y) = h(x,y). 

Using the impulse response function, a MFM image of a 
magnetic structure imaged with the same tip at the same 
imaging conditions, can be deconvolved in the Fourier space 
with a Wiener's filter: 

p(kx,ky) - 
I\kx,ky) 

Ip\kx>*y) 

Ip(kx ,ky) • Ip(kx ,ky) 

"'Electronic mail: lin@dilbert.ece.cmu.edu 

-•      (2) 
Ip(kx ,ky)-I*(kx ,ky)+ tiny(kx ,ky) 

The final magnetic pole density distribution p(x,y) can be 
obtained by inverse Fourier transformation of p{kx,ky). In 
all the cases presented here, tmy{kx,ky) is chosen to be a 
small constant, adjusted for each individual case. 

III. SIMULATION RESULTS 

In this section, computer simulation results are presented 
to demonstrate the technique. In corresponding to the experi- 
mental demonstration, which will be presented in the later 
section, recorded transitions in a longitudinal thin film me- 
dium were chosen to be an example, as shown in Fig. 1. 
According to the orientation of the tip magnetization, three 
cases were shown here: the magnetization of the tip is case 
A: vertical, case B: horizontal, and case C: canted. 

The track width is assumed to be w = 2.0 /urn and the 
intertransition spacing B=1.0/mm. For calculation simplic- 
ity, the tip is assumed to be a uniformly magnetized sphere 
with diameter D = 30 nm. The point source of the magnetic 
pole density is approximated by an isolated transition, i.e., 
B= 16 /tm, with W=0.2 /mm. MFM images were calculated 
by calculating the gradient of the magnetic force exerted on 
the tip due to the stray field generated from the recorded 
transitions. The left height of the tip is J= 60 nm. 

0021-8979/98/83(11 )/6223/3/$15.00 6223 © 1998 American Institute of Physics 
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FIG. 1. Recorded transitions for MFM imaging. 

A. Case A: Tip magnetized vertically 

In this case, the calculated image of the recorded transi- 
tions with assuming tip magnetization orientation is perpen- 
dicular to the sample surface, as shown in Fig. 2(a). In the 
image, alternating black and white stripes indicate the loca- 
tions of the transitions. Since the magnetization in the tip is 
vertical, only the vertical component of the stray field con- 
tributes to the image. The image of the approximate point 
source is shown in Fig. 2(b). Using this image as the impulse 
function, the image shown in Fig. 2(a) was deconvolved in 
the Fourier space according to Eq. (2), shown in Fig. 2(c). 
The slight broadening of the images is due to the finite size 
effect of the approximated point source. 

B. Case B: Tip magnetized horizontally 

When the tip is magnetized horizontally, only the gradi- 
ent of the horizontal component of the stray field is sensed. 
The MFM image of the same recorded magnetization struc- 
ture becomes that shown in Fig. 3(a) as in contrast to that 

(a) 

W$$kv4$$ sans 

(b) 

(c) 

(a) 

(b) 

FIG. 2. Calculated images with tip magnetization vertical to the sample 
surface, (a) Transitions, (b) point source, (c) deconvolved image. 

(C) 

FIG. 3. Calculated images with tip magnetization orientation horizontal, (a) 
Transitions, (b) point source, (c) deconvolved image. 

shown in Fig. 2(a). The image of the approximate point 
source, shown in Fig. 3(b), also becomes dipolelike instead 
of a bell-shaped intensity profile as that shown in Fig. 2(b). 
Using this image of the point source to deconvolve the tran- 
sition image in the Fourier space, the resulting magnetic pole 
density distribution is recovered, as shown in Fig. 3(c), al- 
most exactly the same as that shown in Fig. 2(c). 

C. Case C: Tip with magnetization canted 

Since in practice, it is difficult to assure that the magne- 
tization of the tip is either perfectly vertical or perfectly hori- 
zontal, the case of canted magnetization orientation was 
simulated. The canting angle in this case was set at 10° with 
respect to the horizontal. The calculated MFM image of the 
recorded transitions is shown in Fig. 4(a), which is essen- 
tially a mixture of Figs. 2(a) and 3(a). Figure 4(b) shows the 
image of the point source. The restored magnetic pole den- 
sity distribution is shown in Fig. 4(c). Indeed, it is the same 
as that shown in both Figs. 2(c) and 3(c). The slight differ- 
ences among the three restored pole density distributions are 
due to the finite size of the point source as well as the finite 
size of the sensing tip. 

IV. EXPERIMENTAL RESULTS 

Experimental demonstration was performed on a thin 
film longitudinal disk medium recorded with a thin film 
head. The track width was W=4.5 /urn and adjacent transi- 
tion separation was ß = 2.5 fim. The point source was cre- 
ated by using the same thin film head used in the recording 
to dc erase the recorded isolated transitions from both sides 
of the track. For analysis on the effect of finite size point 
charge, the residual track width, i.e., the width of the point 
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(a) 

(a) 

(b) 

(c) 

FIG. 4. Calculated images with tip magnetization canted 10° with respect to 
horizontal, (a) Transitions, (b) point source, (c) deconvolved image. 

charge, has been varied. The MFM tip has a magnetic coat- 
ing thickness of 40 nm. The lift height of the tip during 
imaging was 60 nm. 

Figure 5(a) shows the raw image of the recorded transi- 
tions with a vertically magnetized tip. Approximated point 
charges with various widths were used for image deconvo- 
lution. Figures 5(b), 5(c), and 5(d) show the deconvolved 
images for point charges of image widths 0.3, 0.46, and 0.55 

(a) 

(c) 

(d) 

FIG. 5. MFM images with tip magnetized vertically (a) raw image (b)-(d): 
deconvolved images with different size point charges; (b) 0.30 /im, (c) 
0.46/un, (d) 0.55 /an. 

li iHf.l m !fc&f 

(b) 

m 

(c) 

FIG. 6. MFM images with tip magnetized horizontally (a) raw image (b), 
(c): deconvolved images with different size point charges, (b) 0.30 /mi, (c) 
0.55 /im. 

fim, respectively. For the case with the narrowest point 
charge, the resolution of the features in the deconvolved im- 
age is very similar to that in the raw image. Clearly, the 
wider the point charge width, the broader the feature size in 
the deconvolved images. 

The same recorded transitions were imaged with the tip 
magnetized horizontally. The raw image is shown in Fig. 
6(a). The deconvolved images with two different point 
charges of widths 0.3 and 0.55 /nm (image widths), are 
shown as Figs. 5(b) and 5(c), respectively. The effect of 
finite size of the point charge is also evident. 

V. SUMMARY AND REMARKS 

We have experimentally demonstrated the deconvolution 
technique for removing tip dependence in MFM images and 
restoring the raw MFM image to the magnetic pole density 
distribution. By creating a point source on the same sample 
imaged, the impulse response function of the sensing tip can 
be obtained at the same imaging conditions. The technique 
does require that the magnetization of the tip is rigid during 
imaging. If the size of the point source is greater than the tip 
resolution, the resolution of the deconvolved pole density 
distribution will be degraded. 

Since the MFM only senses the stray field from a mag- 
netized sample, the formula by Madabhushi et al.5 is not 
valid. The divergence free portion of the magnetization M 
could not be recovered by MFM technique. Only the charge 
distribution can be imaged. 
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A method for calibrating the force gradients and probe magnetic moment in phase-contrast magnetic 
force microscopy (MFM) is introduced. It is based upon the combined electrostatic force 
microscopy EFM and MFM images of a conducting non magnetic metal strip. The behavior of the 
phase contrast in EFM is analyzed and modeled as a finite area capacitor. This model is used in 
conjunction with the imaging data to derive the proportionality constant between the phase and the 
force gradient. This calibration is further used to relate the measured MFM images with the field 
gradient from the same conducting strip to derive the effective magnetic moment of the probe. The 
knowledge of the phase-force gradient proportionality constant and the probe's effective moment is 
essential to directly quantify field derivatives in MFM images. © 1998 American Institute of 
Physics. [S0021-8979(98)27711-5] 

I. INTRODUCTION 

Magnetic force microscopy (MFM) has become a stan- 
dard diagnostic workhorse in understanding surface magne- 
tism. In its basic implementation, the technique maps an im- 
age which is proportional to the local magnetostatic force 
gradient between a ferromagnetic sample and a magnetic 
probe. In an ideal case of a magnetic dipole probe, the force 
Fm is the gradient of the magnetostatic energy, {in-B), and 
the force gradient can be expressed as, 

dFm{x,y)    2, #Hi(x,y) 

dz i=i dzz (1) 

The image depends upon the direction of the probe's mag- 
netic moment, and contains the contribution of the different 
components of the surface stray field. In practice, it is cus- 
tomary to premagnetize the probe along the surface normal 
direction, £, which makes the contrast proportional to the 
second derivative of the normal magnetic field component. 
By using Eq. (1), it is possible to interpret the images and 
extract the values of some parameters, such as the transition 
lengths and zigzag deviation of recorded patterns, the width 
of the domain wall, and the direction of local surface mag- 
netization of ferromagnetic surfaces, as well as other quanti- 
ties that are dependent only on the spatial coordinates but are 
independent of the absolute magnitude of the interaction 
force.2 The difficulty in establishing the absolute values of 
the interaction force arises since the proportionality constant, 
Kp, between the measured oscillation phase, Acf> and the 
force gradient, 

9FZ 

*+=*>■-to- 
rn 

is dependent upon the specific mechanical characteristics of 
the probe and its environment, and is generally unknown. In 
addition, the probe's effective magnetic moment, in appear- 

a)Electronic mail: rdgomez@eng.umd.edu 

ing in Eq. (1) is also undetermined. Thus, without the knowl- 
edge of these two important probe-dependent parameters, 
Eq. (1) and Eq. (2) can only be taken as qualitative descrip- 
tions of the imaging contrast. 

Several research groups have attempted to calibrate the 
probe and provide estimates for tip-sample interaction force. 
Unfortunately, due to space constraints in this article, we 
refer the reader to the literature. Previous approaches have 
involved the imaging of a standardized system, such as a 
metal strip3'4 or single-crystal surfaces5 or the usage of so- 
phisticated methods to measure the magnetic moment of the 
probe and compare the acquired data with various models for 
the probe.6'7 There are, however, no methods that prescribe a 
self-contained calibration procedure of both the probe's me- 
chanical and magnetic characteristics by utilizing only the 
measurements of the instrument itself. In this work, we pro- 
pose a straightforward method for estimating Kp and mz, 
thereby allowing a direct quantification of the MFM re- 
sponse. The basic concept uses the equivalence of the elec- 
trostatic (EFM) and magnetic interactions in generating the 
force gradients on a conducting metal strip. This was accom- 
plished by imaging a test sample, an 11 /tm wide Au metal 
line on silicon, using EFM and MFM with the same probe. 

II. EXPERIMENTAL RESULTS AND DISCUSSION 

The relationship between the force gradient and phase in 
Eq. (2) with constant Kp is valid as long as the scanned 
probe microscope (SPM) operates in a linear regime, which 
is tacitly assumed in our analysis. The force, F, could be due 
to either electrostatic or magnetostatic interactions. To deter- 
mine Kp, we obtained an EFM image of the test sample by 
biasing the metal structure at voltage V relative to the probe 
at ground and examined the dependence of the phase contrast 
versus bias voltage and height. Note that a regular MFM 
probe was used for this experiment, since the magnetic coat- 
ing is also electrically conducting. A typical EFM image is 
shown in Fig. 1 (right), along with a representative cross 
sectional profile. The electrostatic forces are purely attractive 

0021 -8979/98/83(11 )/6226/3/$15.00 6226 © 1998 American Institute of Physics 
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FIG. 1. Right: EFM image of a conducting 11 /jura wide metal strip at V 
= 2 V. Left: MFM image of the same strip with 11 mA current. Bottom: 
Average line profiles across the strip. 

so that the EFM contrast appears dark in the regions where 
the energized metal structure is present. The electrostatic 
force is a function of the bias voltage, V, as well as its 
capacitance: 

F'=- — 
V2 dC 

2 äF' (3) 

and the force gradient appearing in Eq. (2) can be expressed 
as 

dFl(x,y) V2 d2C(x,y) 

dz dzl (4) 

Equation (4) shows that the electrostatic force gradients and 
consequently the EFM images should vary as V2 and its 
curvature and spatial variations are dependent only on the 
capacitance. This is experimentally verified in Fig. 2, which 
shows the acquired images at different voltages and at a con- 
stant height. The contrast has been reversed using software in 
order to emphasize the changing magnitude of the force gra- 
dient. In this experiment, the same area of the sample was 
continuously scanned at a tip height of 50 nm, as the bias 
voltage was progressively incremented by 100 mV. The val- 
ues of the maximum phase contrast in the range from 100 
mV to 2 V is shown at the bottom of Fig. 2. The fit to a 
quadratic function convincingly shows the V2 dependence. 
As mentioned previously, all of the spatial variation in the 
electrostatic contrast is contained in the capacitance term so 
that the coefficient of the quadratic term in the fit is propor- 
tional to the second derivative of the capacitance with re- 
spect to z. Furthermore, since there are no dielectric materi- 
als in the gap region, the capacitance of the system depends 
only upon the geometrical arrangement. 

To model the capacitance of the system, we considered 
the dependence of the image on the separation or the lift 
height, h, between the sample and probe. Figure 3 shows the 
variation of the image contrast at constant voltage, V= 1.8 V, 
as a function of the height, h. As in Fig. 2, the same region 
was imaged repeatedly, as the lift height was incremented to 
the labeled values. The glitch separating each increment is an 
instrumental artifact and arises due to the finite response time 

lift height = 50 tint 

0.5 1.0 1.5 

bias voltage (V) 

FIG. 2. EFM contrast dependence on bias voltage. Top: EFM image at a lift 
height of 50 nm with increasing voltage. Bottom: Plot of the maximum 
contrast as a function of voltage, fitted to a quadratic function A<ß 
= 0.19V2. 

of the feedback system. Nevertheless, the log-log plot of the 
maximum phase contrast versus h at the bottom of the image 
clearly shows the strong dependence of the phase image on 
h. The lines are various power law curves, and the best fit to 
the data is A<^~ft~L9. The nearly h~2 dependence suggests 
that the interaction between the sample and probe can be 
modeled as a finite area parallel plate capacitor. 

III. ANALYSIS 

The capacitance for a square parallel plate capacitor can 
be solved using the Schwarz transformation technique8 and 
the second derivative with respect to the separation distance, 
h, is given by 

d2C 

dh 
T = 2eoAX|^3 + 

1 

IT 
.3/2 'Rti (5) 

where A is the effective surface area and R is the tip radius. 
In order to relate Eq. (5) with the parameters of the instru- 
ment, we assume that the apex of the pyramidal probe can be 
approximated by a square cross section of width JTTR. The 
first term in Eq. (5) is identified with an infinite plate capaci- 
tor (R>h), and the second term is due to the fringing effects 
of the field at the edges. It is clear that as the sample-probe 
separation, h tends to zero, Eq. (5) is dominated by the first 
term. However, the relative contribution of the fringe effects 
increases as 0.36(h/R), so that the fringing field contributes 
about 36% for R = h and significantly more for h >R. This is 
precisely the reason why the phase contrast in Fig. 3 follows 
the h~2 power law rather than h~3. Substituting Eq. (5) into 
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FIG. 3. EFM contrast dependence on lift height. Top: EFM image at a 
constant bias voltage of 1.8 V at varying lift heights. Bottom: Log-log plot 
of the maximum contrast as a function of height. Fit corresponds to 
log|phase|=-1.91og(fc)+3.1; plots for log(l//i), log(l//j2), and log(l/ft3) 
are also shown for comparison. 

Eq. (4), and using the result into Eq. (2), yields the explicit 
expression for the calibration for the parameter, Kp. 

Kp = 2 
IM 
v2 26oAX(i + 

h'     TTiURh 
(6) 

where the numerator is the coefficient of the quadratic term 
of the data in Fig. 2, and the denominator is calculated di- 
rectly from the parameters: /? = 40nm, related to the effec- 
tive tip curvature, and the lift height, h = 50 nm. Inserting 
these numbers into Eq. (6) yields Kp = 369 degs/ 
Newtons/m. Using this derived calibration constant, we can 
then calculate the effective probe moment along the z direc- 
tion. In this case, we assume for convenience that the probe 
is nominally oriented along the z axis, so that only the z 
component of the surface stray fields contribute to the image. 
Again, we can make use of Eq. (1) and Eq. (2) to show that 

dF d2B, 
m = =^r    -TXHM dz dz1 Kn dz2 (7) 

We now image the same current strip at a specific current, 
and measure the change in phase. A representative image is 
shown in Fig. l(left), where the bright and dark contrasts are 
most pronounced at the edges of the strip as expected for the 
maximum normal field component. The field from this non- 
ferromagnetic current strip is well known and the field de- 
rivatives in Eq. (7) at a distance of h = 50 nm and at a current 
of 11 mA is 5.5X 1010 17m2. Using this value with the maxi- 

mum measured phase of 0.045 degrees in Fig. 1 (left), we 
obtain the effective moment for the probe, mz = 2.22 
X 10"15 A m2 (2.22X 10"l2 emu). This value is consistent 
with previous estimates,4'6 albeit somewhat lower, which 
could be attributed to differences on the specific probes used. 
As a plausibility check, we can compute the magnetization 
of the probe by dividing mz with effective magnetic volume. 
If the effective volume is assumed to be that of a half-sphere 
(2TT/3/?

3
) with i? = 40 nm (film thickness at 40 nm as well) 

then the magnetization is in excess of 18 000 emu/cc, which 
is much larger than the 400- 800 emu/cm3 remanent magne- 
tization of the CoCr thin film coating. However, as pointed 
out by previous authors,9 the actual magnetic volume can be 
considerably larger than the volume of the half sphere shell 
at the apex of tip. In this particular case, if the effective 
volume were to include magnetic material up to a distance of 
200 nm from the apex, then we obtain Mp = 586 emu/cc 
which is closer to the expected saturation magnetization of 

the CoCr coating. 
In conclusion, the value of this calibration method is that 

the procedure is self-contained, and that all calibrations are 
derivable from the measurements themselves. It does not ne- 
cessitate other sophisticated external measurements nor as- 
sumptions about the specific mechanical properties of the 
system. This will save considerable time and effort, and 
avoid the ever present doubt of whether the externally mea- 
sured probe characteristics are invariant under actual opera- 
tion. The procedure outlined in this paper, however, should 
be considered as an initial step that could be improved con- 
siderably. One area for improvement is the replacement of 
the analytical expression for the finite square area capacitor 
model with a more accurate numerical calculation involving 
the actual geometry of the pyramidal apex. This must be 
accompanied by a deconvolution procedure that takes into 
account the vertical excursion of the oscillating in the height- 
dependence measurements. Finally, it should be pointed out 
that while the calibration procedure here is carried out for 
phase-detection, a similar procedure can be performed for 
frequency or amplitude modes of force gradient mapping. 
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We have developed a novel form of magnetic force microscopy that uses a commercial piezoelectric 
quartz tuning fork to detect magnetic forces and force gradients. Such a detection system is 
extremely simple and inexpensive, compared to conventional optical methods of cantilever vibration 
detection. The setup is, in addition, characterized by small size, which makes it attractive for studies 
done in constrained spaces. The instrument is first described, then theoretical comparison of signal 
to noise ratio and resolution is made with the conventional optical detection techniques of cantilever 
vibration, and finally, first images of thin film media commercial hard disk magnetic bit transitions, 
point response of magnetoresistive elements, and field gradients above the write gap of a 
commercial hard disk head are presented. © 1998 American Institute of Physics. 
[S0021-8979(98)28111-4] 

I. INTRODUCTION 

Magnetic force microscopy (MFM)1 has become one of 
the most attractive techniques for studies of microscopic 
magnetic phenomena, and has found especially wide use in 
the commercial hard disk industry.2 The simplicity of the 
technique and minimal sample preparation have furthered 
MFM popularity. In conventional MFM, the magnetic probe 
vibration is monitored by optical means, the most sensitive 
being the fiber optic interferometer.3 We have adapted piezo- 
electric quartz tuning forks (PQTF), first introduced by Kar- 
rai and Grober,4 as inexpensive and simple, nonoptical exci- 
tation and detection devices. The design is similar to the 
recent reports for near-field optical microscopy distance 
control,4"6 and dynamic AFM based on PQTF.7 We find 
PQTF are particularly effective for magnetic recording stud- 
ies when proper modifications are made for detection of 
magnetic forces and force gradients. In Refs. 4-6, a tapered 
optical fiber is attached to one leg of the piezoelectric tuning 
fork, the tuning fork vibrates parallel to the sample surface, 
and the shear forces between the fiber end and the sample 
change the resonant properties of the fork. The signal is then 
mapped with respect to the position over the sample. This 
technique exploits the high Q of the PQTF, and the simplic- 
ity of the nonoptical, small sized, one component design. We 
have modified this setup by attaching a sharp magnetic tip to 
the end face of one of the legs of the PQTF, but vibrating in 
direction perpendicular to the sample, such that magnetic 
forces and force gradients can be imaged. 

II. DESCRIPTION OF THE INSTRUMENT 

To obtain maximum sensitivity of the instrument, we 
used the smallest available quartz tuning forks (Digi-Key 
Corp., Thief River Falls, Mn). The fork legs are 2 mm long, 
200 fim thick, and 100 /u,m wide. This corresponds to a value 
of the spring constant, k, of approximately 2000 N/m, which 

is an order of magnitude smaller than in previously reported 
shear force or dynamic AFM instruments. The Q is around 
3000 in air and 35 000 in vacuum. To maintain the sensitiv- 
ity, the magnetic probe is mounted on the end face of one of 
the tuning fork legs. This serves two purposes: (1) The qual- 
ity factor, Q, of such a setup remains within a few percent of 
the initial Q of bare tuning fork, while the resonant fre- 
quency is reduced due to the added mass (see Fig. 1); and (2) 
This probe arrangement does not increase the spring constant 
of the tuning fork, thus keeping the sensitivity at a maxi- 
mum. In a shear force microscope, due to specific probe 
characteristics, the fiber attachment usually reduces the Q 
from 7000 to 1000 and increases the spring constant, k, due 
to additional stiffness of the glue. Both of these changes 
reduce the sensitivity of the instrument. 

In our tuning fork MFM, the magnetic probe is a sharp 
electrochemically etched nickel wire. Such probes are some- 
times used in MFM work after being mounted on a piezo- 
electric bimorph and bent with a pair of sharp razors.8 In this 
new method, there is no need for bending the tip, which is 
often the hardest part of making such probes. The probe is 
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FIG. 1. Resonance curves for piezoelectric quartz tuning fork in air with and 
without mounted magnetic probe. 
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(a) 

81111» 

(b) 

FIG. 2.  Scanning electron microscope (SEM) images of (a) tuning fork 
MFM and (b) nickel probe. 

mounted, using micromanipulators under an optical micro- 
scope, on the end face of one of the legs of the tuning fork, 
which is initially covered with a small drop of glue. In addi- 
tion, a small amount of silver epoxy connects the tip to one 
of the gold electrodes of the tuning fork in order to avoid 
electrostatic forces. The probe protrudes 100 to 300 ju.m from 
the edge of the tuning fork leg. In this completed form, 
shown in Fig. 2, the MFM sensor's overall height above the 
sample surface is less than 1 mm, which makes it very con- 
venient for use in constrained spaces such as vacuum cham- 
bers, or under a lens of an optical or scanning electron mi- 
croscope. 

III. SENSITIVITY AND RESOLUTION 
CONSIDERATIONS 

In conventional MFM, the vibration of the cantilever is 
monitored by optical means, and the signal that is measured 
is the second derivative of the field in the vibration direction. 
As the probe is scanned over a surface, the magnetic force 
gradients change the resonant frequency of the cantilever, 
and such change is detected in amplitude, phase, or fre- 
quency modulation modes, the last one having the largest 
bandwidth.9 The same physical principles apply in the tuning 
fork MFM design. The tuning fork is driven at the resonant 
frequency of approximately 32 kHz and magnetic force gra- 
dients are detected by monitoring the phase change in the 
resonant circuit. The sensitivity of the instrument is limited 
by the thermal noise of the tuning fork oscillator. In such 
case, previous publications have shown that the minimum 
detectable force gradient is proportional to10 

FIG. 3. 5 /jmX5 /im scan of hard disk magnetic transitions with 2.8-/j,m- 
track width. 

slklQw. 

Since conventional MFM cantilevers and PQTFs operate 
at similar frequencies, the differences between the two de- 
signs lie in spring constants and quality factors of the two 
respective mechanical oscillators. Regular MFM cantilevers 
have spring constants between 1 and 10 N/m and Q values of 
about 100 in air and 1000 in vacuum, while smallest tuning 
forks have k values of 2000 N/m and Q value of 3000 in air 
and 35 000 in vacuum. 

The resolution of the MFM is determined by the dimen- 
sions and magnetic moment value of the probe, as well as the 
height at which it is scanned. For the highest resolution, 
minimum height is required, and a trade off is made with the 
spring constant to avoid tip crashes during the scan.11 These 
comparisons make the conventional MFM more sensitive by 
a factor of less than 10, but the tuning fork can be scanned 
closer to the surface due to the larger spring constant. 

IV. RESULTS AND DISCUSSION 

Several types of measurements were done to demon- 
strate the usefulness of the simple design of tuning fork 
MFM in magnetic recording studies. The commercial hard 
disk recorded transitions were imaged in air, as shown in 
Fig. 3. The tuning fork was positioned near the sample sur- 
face by a vertical mechanical translator. The fork tines were 
vibrating at amplitudes between 25 and 50 nm, as confirmed 
independently by the fiber-optic interferometer3 we use in 
conventional MFM work. The sample was scanned by a high 
precision, linearized piezoelectric stage. The image in Fig. 3 
was taken in the phase mode and the scan range is 5 /mi. As 
expected, the image shows equivalent resolution to the con- 
ventional MFM, since the dimensions of the tip are similar. 
The signal-to-noise ratio compared to conventional MFM 
image is lower by an order of magnitude, which is also ex- 
pected theoretically due to the larger spring constant of the 
tuning fork. 

In addition to imaging magnetic transitions on hard disk 
media, the tuning fork MFM has also been used for measur- 
ing the point response function of commercial magnetoresis- 
tive elements,12 and imaging field gradients above the write 
gaps of commercial heads.1 The head was placed on the 
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(b) 

FIG. 4. Block diagrams for (a) MR point response measurement, (b) write 
gap imaging. 

sample holder so that the MR element and write gap face the 
tip on the tuning fork as shown in Fig. 4. The tuning fork 
was first driven at resonant frequency while over the MR 
element, thereby providing a magnetic alternating point flux 
source. The driving signal to the tuning fork was used as a 
reference signal for the lock-in amplifier, which monitored 
the signal from the MR element. Simultaneous with monitor- 
ing the ac MR element signal, a second lock-in amplifier 
monitored the signal from the resonant tuning fork circuit in 
order to avoid tip crashes during scan. Figure 5 shows the 
resulting image. The specific features of the MR point re- 
sponse function were repeatable. 

Alternatively, the inductive write head was driven at the 
resonant frequency of the tuning fork, as shown in Fig. 4(b). 
Alternating field gradients from the gap exerted alternating 
forces on the tip, and the piezoelectric signal from the tuning 
fork was monitored with a lock-in amplifier. Figure 6 shows 
the field gradient gray scale image of the trimmed pole write 
gap. These techniques provide important information about 
MR sensor cross track response, field gradients above the 
gap, and could provide simple and inexpensive diagnosis 
during fabrication of MR heads. 

In conclusion, novel detection technique for magnetic 
force microscopy is described and applications to magnetic 

(a) 

FIG. 5. 4 /xmX4 /um scan of point response function of a MR element. 

(b) 

FIG. 6. (a) SEM image of 3-yum-wide write gap of commercial head and (b) 
20 /jmX20 fim image of field gradient above the gap. 

recording technology are presented. The technique provides 
an inexpensive, simple, and small sized alternative to con- 
ventional MFM. 
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Kerr effect enhancement by photon tunneling and possible application 
to a new scanning probe magnetic microscope 

A. Kikitsua) and C. M. Falco 
ARL/Surface Science Division, The University of Arizona, Tucson, Arizona 85721 

M. Mansuripur 
Optical Sciences Center, The University of Arizona, Tucson, Arizona 85721 

Magneto-optical effects are calculated for the film stack consisting of hemisphere glass/magnetic 
film (10 nm)/air gap (d nm)/glass plate. Polarized light (wave length=800 nm) is irradiated through 
the hemisphere glass in the total internal reflection configuration. A typical amorphous rare 
earth-transition metal alloy is used for the magnetic layer. We find a large monotonic change in the 
figure of merit (product of the reflected amplitude of light and the Kerr rotation angle) as a function 
of the air gap, ranging from 1 to 800 nm. Similar results are obtained for a magnetic film with a 10 
nm Si02 protective layer and for a 1-nm-thin magnetic film. This phenomenon is mostly caused by 
a change in the reflectivity at magnetic film/air interface due to photon tunneling. The difference in 
the figure of merit between perpendicular and longitudinal magnetization is about 0.6°. These results 
imply that it might be possible to obtain an image of perpendicular magnetic moment with photon 
scanning tunnel microscopy (STM). This method can be combined simultaneously with a 
conventional atomic force microscope or STM. © 1998 American Institute of Physics. 
[S0021-8979(98)53511-6] 

I. INTRODUCTION 

In the total internal reflection (TIR) mode, light irradi- 
ated from the first medium with refractive index nx to the 
second medium with n2 (n{>n2) is completely reflected at 
the boundary,1 and the electromagnetic field in the second 
medium, which is called an evanescent field, decreases ex- 
ponentially with the distance from the boundary. However, 
when a third medium with refractive index n { exists close to 
the first medium, the evanescent wave is converted to a 
propagating wave at the second boundary. This phenomenon 
is called photon tunneling.2 The photon scanning tunnel mi- 
croscope (STM)3 utilizes this phenomenon. A scanned fine 
tip is used as the third medium, and the morphology of the 
first boundary (distance form the tip) is detected as a change 
in the intensity of the converted light. 

When the incident light is linearly polarized and the first 
medium is a magnetic film, magneto-optical (MO) effect, 
that is, a rotation of the polarization angle, will be observed 
both in the reflected and the converted light and also will be 
changed with the distance from the tip. This leads to a scan- 
ning probe magnetic microscope, which has the advantages 
of being sensitive to low magnetization materials and having 
no magnetic interaction between probe and sample. Safarov 
et al. reported such a microscope using a pulsed magnetic 
field to a Co thin film sample.4 However, no static magneti- 
zation image was reported. A weak MO signal in the con- 
verted light appears to be a problem in this microscope sys- 
tem. 

In this article, we calculate MO effects in a hemisphere 
glass/magnetic film/air gap/glass plate system in the TIR 

condition and estimate them from the view point of the fig- 
ure of merit, which corresponds to the detected intensity. 
Then we discuss the possibility of a new scanning probe 
magnetic microscope using the photon tunneling phenom- 
enon. 

II. CALCULATION 

Numerical calculations were performed by the program 
MULTILAYER™5 with a configuration shown in Fig. 1. This 
program solves Maxwell's equations at flat interfaces with- 
out any approximations. A linearly polarized light (wave- 
length 800 nm) irradiated through the hemisphere glass at an 
angle 8 greater than the critical angle. The values of the 
dielectric tensor of a typical amorphous rare earth-transition 
metal alloy with perpendicular and longitudinal magnetiza- 
tion were used for the magnetic layer. 

III. RESULTS AND DISCUSSION 

A change in the figure of merit [(FOM): EX8k, E: am- 
plitude of light, 6k: Kerr rotation angle] of the reflected light 

air d nm 

a)Permanent address: Materials and Devices Research Laboratories, Toshiba 
Corporation R&D Center, Kawasaki, Kanagawa 210, Japan. Electronic 
mail: akira.kikitsu@toshiba.co.jp 

glass 

FIG. 1. Configuration used for the calculations. 
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FIG. 2. Figure of merit (=amplitude Xdk) of the reflected light vs the air 
gap for glass/MO material (10 nm)/air (d nm)/glass plate. P-polarized in- 
cident light and perpendicular magnetization were assumed. 

against the air gap d for 0=60°, 70°, and 80° is shown in 
Fig. 2. The magnetic film is a perpendicular magnetized MO 
material with thickness of 10 nm. The incident beam has a 
unit intensity and is p polarized, that is, the direction of the 
polarization is perpendicular to the film surface. Although a 
large 6k, more than 2°, is obtained at a couple of specific 
conditions, E tends to be small in such cases, so the FOM is 
small. As can be seen, the FOM increases monotonically 
with decreasing d. For 0=60°, the change in the FOM is as 
large as 0.6°, which is larger than the FOM for the case of 
normal incidence of 0.13°. The result for the longitudinal 
magnetization is shown in Fig. 3. FOM has rather complex d 
dependence but the change in the FOM is less than 0.1. 

It is clear that the detected MO signal almost corre- 
sponds to the perpendicular magnetic moment from the re- 
sults of Figs. 2 and 3. A difference in the FOM between 
perpendicular and longitudinal magnetization cases is shown 
in Fig. 4. When the direction of an analyzer is set to be 
crossed to that of the polarization for large d case, the signal 
intensity becomes large with decreasing d. Therefore, it 
might be possible to utilize this phenomenon for a new scan- 
ning probe magnetic microscope by using a fine glass tip 
instead of the glass plate. 

The change in FOM is caused by the change in the re- 
flectivity at magnetic film/air interface according to the ex- 
tent of photon tunneling. That is, FOM changes from the 
value of glass/magnetic film/glass configuration (d = 0) to 
that of TIR configuration (d=°°). In the calculation of 
FOM, a contribution of multiple-beam interference within 
magnetic film and air gap is included. When a fine glass tip 
is used for the glass plate in Fig. 1, such an interference does 
not expect to occur. However, FOM change is not thought to 
decrease so much even when the tip completely scatters the 
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FIG. 3. Figure of merit vs d, for the longitudinal magnetization case. 

evanescent wave. FOM from hemisphere glass/magnetic film 
interface is estimated to be +0.1° and that from magnetic 
film/glass interface (d=0) is estimated to be more than 
0.03° for 0=60°. Since FOM for large d value is indepen- 
dent of the occurrence of the scattering, FOM change is ex- 
pected to be more than 0.57° for 0=60°. 

Though a possible problem is that almost all of the de- 
tected light comes from the area where the tip is not posi- 
tioned, this light can be eliminated when the direction of an 
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magnetization cases for the case of \=633 nm, for magnetic film with 10 
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p-polarized incident, 0=60° and perpendicular magnetization. 

analyzer is set as mentioned above. As for the case of col- 
lecting the evanescent wave, large FOM (about 0.3° at maxi- 
mum) is obtained but it includes much contribution of the 
multiple-beam interference in air gap and also this method 
has a problem of poor coupling efficiency between photon 
and glass probe. Moreover, our method could employ a 
couple of signal enhancement method such as an ac method 
with photoelastic modulation optics6 or by vibrating the tip. 

Since a tip need not collect the light, a metal tip can be 
used. A change in FOM with air gap for glass/magnetic film/ 
air/Pt is 0.5°. This means that simultaneous measurement of 

magnetization and morphology would be possible by com- 
bining our method with a conventional STM or atomic foce 
microscope. 

In order to examine the feasibility of this method, MO 
effects were calculated for various film configurations. Fig- 
ure 5 shows the results for 633 nm wavelength, for a mag- 
netic film with a 10 nm Si02 protective layer and for 1 nm 
magnetic film. Similar results to that shown in Fig. 4 are 
obtained. This method is useful for magnetic film with a 
dielectric overcoat and might have the capability for ultrathin 
magnetic film. 

IV. SUMMARY AND CONCLUSION 

A magneto-optical effect for the film stack of hemi- 
sphere glass/magnetic film/air gap/glass plate is calculated in 
the total internal reflection condition. It is found that the 
figure of merit (FOM) of reflected light changes monotoni- 
cally as a function of the air gap. This phenomenon is caused 
by the change in the reflectivity at magnetic film/air interface 
due to photon tunneling through the air gap. The monotonic 
air gap dependence of FOM and a FOM difference as large 
as 0.6° between perpendicular and longitudinal magnetiza- 
tion are found, so it might be possible to apply this phenom- 
enon to a new scanning probe magnetic microscope. 
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Design and construction of a sensitive nuclear magnetic resonance force 
microscope 

T. A. Barrett, C. R. Miers, H. A. Sommer, K. Mochizuki, and J. T. Markerta) 

Department of Physics, University of Texas, Austin, Texas 78712 

We report our progress in the design and construction of a sensitive and versatile nuclear magnetic 
resonance force microscope. Improvements over previous designs include the use of higher 
öCß^lf^-lO7), single-crystal double-torsional mechanical oscillators for force detection and the 
development of extremely convenient positioning and approach capabilities. We describe both a 
demonstration experiment using large (~1 cm) torsional oscillators and the micromachining of the 
small (-100 fjm) torsional oscillators. © 1998 American Institute of Physics. 
[S0021-8979(98)49711-l] 

I. INTRODUCTION 

Recently, Rugar et al.x have reported the force detection 
of nuclear magnetism. In such an experiment, shown sche- 
matically in Fig. 1, the nuclear spins, in a sample mounted 
on a mechanical oscillator, are first polarized in a large static 
magnetic field; the z component of the nuclear magnetism is 
cyclically inverted at the mechanical oscillator resonant fre- 
quency by a modulated radio-frequency field from a nearby 
coil. This time-dependent nuclear moment is coupled to the 
field gradient of a nearby permanent magnet, producing a 
resonant force on the mechanical oscillator; the oscillator 
motion is detected with a fiber-optic interferometer. Here, we 
first describe the probe that brings these elements together; 
we then discuss the design sensitivity of this probe. The 
function of the elements is demonstrated using large single- 
crystal silicon double-torsional oscillators; finally, the fabri- 
cation of the torsional micro-oscillators that will permit the 
ultimate design sensitivity is discussed. 

II. EXPERIMENT 

The experimental probe, contained in a vacuum can, fits 
in a 60-mm-diam variable-temperature cryostat which itself 
is inserted in the bore of an 8.2 T superconducting magnet. 
The bottom of the probe is shown in Fig. 2. Rotary motion 

Hagn«tic Iron,tip 

Torsional Otcillator 
with Sample 

FIG. 1. Experimental setup for the NMR microscope, including static field 
B0, inhomogeneous field magnet, double-torsional oscillator, rf field coil, 
and fiber-optic interferometer. 

from outside the probe drives the three mechanical transla- 
tors shown, one each for fiber coarse approach positioning, 
oscillator lateral movement, and permanent magnet position- 
ing. The piezoelectric elements provide finer adjustments: 
the piezoelectric bimorph swings the fiber optics in and out 

rotary P""| 
shafts     "! 

piezo bimorph 
bending plate 

oscillator- 
translator 

optical fiber 

— heat sink 

piezo stack 

fiber- 
translator 

fiber chuck 

oscillator 
magnetic tip 

tube scanner 

— tip-translator 

^Electronic mail: markert@physics.utexas.edu 

FIG. 2. Probe elements showing manipulation capabilities: three translators 
for coarse positioning, and piezoelectric bimorph, tube, and stack for fine 
positioning. 
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FIG. 3. The single-crystal silicon double-torsional oscillator. In the antisym- 
metric mode, most of the energy is in the motion of the head. 

of the plane of the figure, the stack piezo provides fiber optic 
fine positioning, and the tube piezo provides fine positioning 
for the permanent magnet. 

Fiber optic interferometers of similar design have been 
described elsewhere.2 Here, a 675 nm laser diode is coupled 
into one arm of a Gould directional coupler; reflections from 
the cleaved end of the fiber and from the nearby oscillator 
interfere and are sensed by a PAR photodiode, the output of 
which is detected by a lock-in amplifier. For this system, the 
output current at the photodiode is about 20 pA/Ä; the pho- 
todiode noise level is less than 0.2 pA/^Hz, thus providing a 
motion sensitivity of better than 0.01 A/VHZ. 

We refer to Ref. 1 for a discussion of detailed relations 
.between the relevant quantities. Here, we specify the param- 
eters used in our demonstration experiment: the static field 
was varied (as the permanent magnet approached a paraffin 
sample at the edge of the oscillator) over the range of 8.50- 
8.55 T (8.20 T from the superconducting magnet, and 0.30- 
0.35 T from an iron-wire permanent magnet). An approxi- 
mately 20 G if field was turned on 400 kHz off resonance, 
swept to the NMR frequency of 363.5 MHz over a 0.5 ms 
period, and then frequency modulated at the oscillator 10.3 
kHz frequency with an amplitude of 50 kHz. The static field 
gradient at the sample was approximately 300 T/m. 

For both the demonstration experiment and for the ulti- 
mate microscope design, single-crystal double-torsional os- 
cillators are used. To understand why, refer to Fig. 3. Re- 
sidual losses in single-crystal oscillators occur through 
coupling to the base; typical cantilever modes have a 
ß«* 103. For a double-torsional oscillator in the antisymmet- 
ric mode with a small moment of inertia at the top (the head), 
most of the energy is stored in the head, effectively isolating 
its Q. We routinely obtain Q's of ~ 105 at room temperature, 
~ 106 at 77 K, and ~ 108 at 4.2 K. For any mechanical os- 
cillator, the_theoretical sensitivity from thermal noise is 
Fmin= yl4kkBTAv/Qw, where w and k are the frequency and 
effective spring constant of the oscillator. For our large os- 
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FIG. 4. Amplitude of motion of oscillator head during the NMR experiment 
described in the text. 

dilators at room temperature, the measured parameters indi- 
cate Fmin=3X 10"13 N. However, this produces a motion a 
factor of five smaller than our photodiode detection limit of 
0.01 Ä/^/HZ; thus the latter sets the noise level. For our small 
oscillators, we predict Fmin= 2 X 10"18 N at 4.2 K; this, how- 
ever, will result in a motional amplitude of 0.2 Ä, well above 
our photodiode limit; thus for the small oscillators, the noise 
is thermally limited. 

In the one-dimensional experiment using the large oscil- 
lators, no signal is observed at the lock-in output when the 
spins in the sample are far from resonance. As the magnet 
approaches the sample, there reaches a point where a slice of 
the spins are resonant, of thickness Az = AB/(dBz/dz), 
where Aß~20 G is determined by the frequency modulation 
and the amplitude of the rf field. For our dBz/dz**300 T/m, 
we have Az«7 /mm. Thus for our 2-mm-diam sample, a 
volume of 0.02 mm3 was resonant, corresponding to 
6X 1017 spins and a moment (via Curie's law) of 6X 10"14 

J/T, and thus a force of F=M(dBz/dz) = 2X 10"n N, well 
above our photodiode noise floor. Figure 4 shows a plot of 
the lock-in output as a function of time for a 1.3 s rf pulse; 
the oscillator is seen to ring up to an amplitude of approxi- 
mately 0.25 Ä before decaying back to the noise level of 
approximately 0.01 Ä, indicating a force of about 3X 10" n 

N, quite close to the predicted value. 
For the small oscillators, the moment sensitivity will be 

greatly enhanced, both because of the increased force sensi- 
tivity and because much larger field gradients can be used 
(the maximum field gradient simply scales inversely with the 
diameter of the wire). For example, a 100-yiim-diam wire will 
produce a field gradient of about 104 T/m, implying a resolv- 
able moment of 10"21 J/T, or about 109 proton moments at 
4.2 K. Such NMR sensitivity is unprecendented. 

III. OSCILLATOR FABRICATION 

The oscillators were fabricated by standard photolitho- 
graphic and micromachining techniques. The large oscilla- 
tors have been described elsewhere.3'4 The small oscillators 
were fabricated as follows: a silicon wafer was masked with 
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FIG. 5. Scanning electron micrograph of one of the micro-oscillators. 

rows of various sizes of micro-oscillators, typically 150 /u,m 
high, and implanted with 134 keV boron ions at a dose of at 
least 1.4X1016/cm2 to provide an etch stop for the final 
structures. This implant was chosen for a target depth of 
4000 A and initial profile thickness of approximately 1000 
Ä. The implanted wafers are then annealed at 1000 °C for 15 

min to 4 h to recrystallize the damaged silicon and spread the 
profile to any desired thickness up to about 4000 Ä. The 
annealed wafers were placed in an anisotropic silicon etch 
consisting of 48% H20, 32% ethanol, and 20% KOH for 
about two days. Once the oscillators were fully undercut 
from the substrate, a great impediment to completing the 
fabrication is the drying (surface tension tends to pull the 
oscillators to the substrate). To overcome this, a freeze- 
drying technique5 was successfully employed, eliminating 
the surface tension problem completely. Figure 5 shows an 
scanning electron microscopy (SEM) micrograph of the free- 
standing single-crystal double-torsional micro-oscillator at- 
tached only at the base. Such oscillators are now undergoing 
characterization and testing for use in the NMR microscope. 
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Exchange-spring behavior in epitaxial hard/soft magnetic bilayer films 
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We present results on the magnetic reversal process in epitaxial Sm-Co(1100)/TM (TM=Fe, Co) 
bilayer films prepared via magnetron sputtering onto Cr-buffered single-crystal MgO substrates. The 
magnetically hard Sm-Co films have 20 T uniaxial anisotropy and coercivities >3 T at room 
temperature. The magnetization of the soft layer is pinned at the interface to the hard-magnet layer 
and switches reversibly as expected for an exchange-spring magnet. With increasing soft layer 
thickness, the coercive field of the hard layer becomes significantly less than that of a single layer. 
We also present numerical solutions to a one-dimensional model that provide the spin configuration 
for each atomic layer. Comparison of the experimental results with the model simulations indicates 
that the exchange-spring behavior of our bilayer films can be understood from the intrinsic 
parameters of the hard and soft layers. © 7998 American Institute of Physics. 
[S0021-8979(98)42611-2] 

The exchange-spring magnets, which are composed of 
suitably nano-dispersed hard and soft magnetic phases, have 
been the subject of many recent studies.1"8 Exchange inter- 
action between the two magnetic phases results in enhance- 
ment of the remanence and the energy-product. Although 
future application of exchange-spring magnets will most 
likely be based on nano-dispersed composite geometries,8 to 
obtain greater insights into the coercivity mechanism and 
magnetization reversal process in these materials, it is advan- 
tageous to devise a simpler structure with well-defined prop- 
erties to isolate the various contributions that are often 
masked by the structural complexities of a random two- 
phase system. Theoretical calculations by Skomski and 
Coey6'7 predicted that, in superlattice structures consisting of 
exchange coupled soft layers and aligned hard-magnet lay- 
ers, a giant energy-product of 120 MGOe (about three times 
that of commercially available permanent magnets) is attain- 
able. 

It is now possible to fabricate high-quality permanent 
magnet thin films with well-defined crystallographic orienta- 
tion and close-to-intrinsic magnetic properties.9 For example, 
epitaxially grown Sm-Co films can have the c axis of the 
hep structure lying in-plane, giving rise to strong uniaxial 
in-plane anisotropy.10 These films, when incorporated into 
the bilayer structure with transition metal (TM) soft-magnet 
layers, provide a model system in which the magnetization 
rotation process of the exchange-coupled TM layers can be 
studied with the applied field both parallel and perpendicular 
to the anisotropy axis of the hard layer. In this article we 
examine the magnetization reversal processes in epitaxial 
hard/soft Sm-Co(ll00)/TM bilayers (TM=Fe and Co). We 
also use a simple one-dimensional atomic model to simulate 

"'Electronic mail: jiang@anl.gov 
b)Present address: IBM Almaden Research Center, 650 Harry Rd., San Jose, 

CA 95120-6099. 

the spin profile and the magnetization hysteresis loops. Com- 
parison of the experimental results with the model simula- 
tions indicates that the exchange-spring behavior can be un- 
derstood from the intrinsic parameters of the hard and soft 
layers. 

The Sm-Co(lT00)/TM bilayers are grown via dc mag- 
netron sputtering onto single-crystal MgO(llO) substrates 
coated with an epitaxial 200 Ä Cr(211) buffer layer. The 200 
A Sm-Co layers are deposited by co-sputtering from sepa- 
rate Sm and Co sources with a nominally Sm2Co7 concen- 
tration at a substrate temperature Ts=600 °C as outlined in 
Refs. 9 and 10. The TM layers are then grown at Ts 

= 300-400 °C with thicknesses of 25-200 Ä and capped 
with a 50 Ä Cr layer. The magnetic properties were mea- 
sured using a 7 T superconducting quantum interference de- 
vice (SQUID) magnetometer equipped with both longitudi- 
nal and transverse coils, and the longitudinal magneto-optic 
Kerr effect (MOKE) using p-polarized, 633 nm light. 

The structural and magnetic characterization of 
Sm-Co(llOO) films grown onto Cr(211) buffer layers are 
described in detail in Ref. 10. The epitaxial relation for the 
Sm-Co(llOO) films is Sm-Co[0001]||Cr[0lI]||MgO[001], 
resulting in a uniaxial in-plane structure with the magnetic 
easy axis parallel to the Sm-Co c axis. The films exhibit 
strong uniaxial in-plane anisotropy consistent with the ex- 
pected c-axis anisotropy. For H parallel to the Sm-Co easy 
axis (MgO[001]), a square loop is observed with a coercive 
field Hc of 3.4 T. The coercivity increases to 7.3 T at 25 K. 
For H applied in the orthogonal in-plane direction, a sheared 
hard-axis loop is measured. The anisotropy field, estimated 
from extrapolating the hard-axis loop to saturation, is «20 T, 
close to the known anisotropy value of bulk Sm-Co. These 
high-quality hard magnetic layers form the basis of this 
study. 

Shown in Fig. 1 are room-temperature easy-axis hyster- 
esis loops of the Sm-Co(200 Ä)/Fe bilayers with different 
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FIG. 1. Room-temperature magnetic hysteresis loops for single layer 
Sm-Co and Sm-Co/Fe bilayer films with different Fe thickness with H 
parallel to the easy-axis directions. The loops are offset vertically for clarity. 

Fe layer thicknesses. For a 25 Ä Fe layer, a square easy-axis 
loop is measured, indicating that the Fe layer is strongly 
coupled to the underlying Sm-Co film and that the two lay- 
ers switch as a unit. As the result of coupling between the 
layers, the coercivity Hc= 1.7 T is only —50% of that of the 
isolated Sm-Co film. For the 100 and 200 Ä Fe layers the 
loops change shape quite significantly, and separate switch- 
ing transitions for the Fe and Sm-Co layers are observed. 
This is similar to that observed in Refs. 11-14 but with 
much thinner soft layers in the present samples. The switch- 
ing fields for the Sm-Co layers (0.6-0.7 T) are similar for 
the 100 and 200 A Fe layers and are only 20% of that of the 
isolated Sm-Co film value. The saturation magnetization Ms 

increases with increasing Fe layer thickness. 
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FIG. 2. Room-temperature magnetic properties of Sm-Co/Fe bilayer films 
measured by MOKE, (a) Hysteresis loop (solid curve) and recoil curves 
(open circle) measured with H parallel to the easy-axis directions for the 
100 Ä Fe film, (c) The irreversible magnetization AAfirr vs reverse field 
measured with H parallel to the easy axis. 

Shown in Fig. 2(a) are the hysteresis loop and recoil 
curves for the 100 Ä Fe layer film measured using the 
MOKE technique. As a result of the finite penetration of the 
light, the MOKE measurements are dominated by the top Fe 
layer. At low reverse fields, the Fe layer is pinned by the 
underlying Sm-Co layer. The Fe layer starts to switch at the 
exchange field #ex=0.22 T. Above Hex, a sharp drop in the 
magnetization occurs as the Fe layer starts to rotate away 
from alignment with the hard layer. The rotation is fully 
reversible since the recoil curves coincide with the demag- 
netization curve. At reverse fields >0.5 T, the recoil curves 
deviate from the demagnetization curve as the hard layer 
begins to switch irreversibly and the Fe does not recover full 
remanence on recoil. A quantitative assessment of the irre- 
versibility is the irreversible magnetization change AMirr 

= Mr-Md{H) where Mr is the remanent magnetization and 
Md(H) the field-demagnetization remanence after recoiling 
from the reversal field H. Shown in Fig. 2(b) is AMirr/2Mr 

as a function of the reverse field. The magnetization is fully 
reversible (AMirr=0) up to 0.5 T, where the Sm-Co layer 
switches and AMirr begins to increase sharply. 

To obtain greater insight into the switching of both the 
soft and hard layers, we use a one-dimensional atomic model 
where the bilayer is treated as a chain of spins normal to the 
layers and each spin is the sum of total moments in an 
atomic layer.11'13'15 The total energy of the system is given 
by: 

N-\      . N 

£=-2 'U+l — cos(d-0i+1)- ■2 ^cos2(0,.) 
1=1 

■2 HM{ cos( 6-9H), (1) 

where the rotation angle for the ith layer 6t is measured 
relative to the easy-axis direction of the hard layer, 8H is the 
angle between the field and the easy axis, A,-, Kt, M;, d are 
the exchange constants, uniaxial anisotropy constants, mag- 
netic moments, and inter-plane distance (=2 Ä), respec- 
tively. The equilibrium spin configuration for a given field is 
determined by minimizing Eq. (1). To calculate this configu- 
ration we employ an iterative approach outlined by 
Camley.16 Details of the modeling will be published 
elsewhere.17 

Shown in Fig. 3(a) is a comparison of the calculated 
Sm-Co/Fe(200 Ä) demagnetization curves to the ones mea- 
sured at 25 K. Included are both the longitudinal and trans- 
verse magnetization with respect to the applied field. The 
parameters used in the calculation are, for the hard layer, 
Ah= 1.2X 10-6 ergs/cm, ^ = 5X 107 ergs/cm3, Mh 

= 550 emu/cm3; for the soft layer, A^ = 2.8X 10"6 ergs/cm, 
Ä^IO3 ergs/cm3, Ms= 1700 emu/cm3, the interface ex- 
change constant Aint=1.8X10"6 ergs/cm, and 6>#=3°. The 
values of Kh and Mh were estimated from magnetization 
measurements on the Sm-Co films. The calculation repro- 
duces the Hex value, the field dependence of both the longi- 
tudinal and transverse magnetization, as well as the switch- 
ing field of the Sm-Co layer at «1.5 T. The value of Aint, 
which is intermediate to the exchange coupling of the hard 
and soft layers, reflects the strong interfacial exchange cou- 



6240        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Jiang et al. 

i 

1.0 
i       i       i       i       I       i       i       i 

0.5 
^^^^^^^^JK 

0.0 

0.5 

1.0 

„ o <• • 'j*-*"*'                                         ^r   \, 

-^iT~~~~^ ' 
i   i   i   i   i   i   i   i 

-1.6 -1.2 -0.8 
H   (T) 

-0.4 0.0 

180 

120 

60 

(b) 
I                    I                     I 

_ 

■O^IT,^^ - 

'J^^s^s^^"0^ - 

'^^J^si^^ yOV- LOO T - 

»JÄX»^*^ og^^*i -45 T 

100 200 
Thickness (Ä) 

300 

FIG. 3. (a) Low-temperature (25 K) demagnetization curves for the Sm- 
Co/Fe(200 Ä) film compared to the model calculation (solid line). The lon- 
gitudinal and transverse components of the magnetization are given by the 
circles and triangles, respectively, (b) Representative spin configuration de- 
termined from the model calculation shown in (a). Open circles are Fe spins 
and filled circles are Sm-Co spins. The free Fe surface is located at zero and 
the Sm-Co/Fe interface is at 200 Ä. 

pling between the layers. With a large interfacial exchange 
energy, the moments in the soft layer near the interface are 
pinned by the hard layer. Shown in Fig. 3(b) is the spin 
configuration at various fields for the calculated magnetiza- 
tion in Fig. 3(a). As expected, the distribution of moments is 
consistent with the expectation that the Fe located away from 
the interface rotates more. As H increases, the interfacial 
Sm-Co spin is also increasingly rotated and a domain wall is 
slowly introduced into the hard layer. At a field such that the 
domain wall energy density in the soft layer becomes greater 
than that in the hard layer, the domain wall in the soft layer 
moves into, and switches, the hard layer. 

The temperature dependence of the Sm-Co(200 A)/ 
Co(100 Ä) bilayer is shown in Fig. 4. At low temperatures, 
separate switching transitions are observed for the Sm-Co 
and Co layers at Hirr and Hex, respectively. The exchange 
field for the bilayer structure with Co layers is significantly 
higher than that with Fe layers of comparable thickness. This 
behavior arises from the intrinsic magnetic anisotropy of the 
Co layer. The c-axis Co anisotropy stabilizes the Co layer 
either parallel or antiparallel to the Sm-Co film and results 
in an enhanced Co switching field. The Co layer reverses by 
nucleating a 180°-domain wall. As long as the Sm-Co does 
not switch, the Hex is given by the requirement that the en- 
ergy cost (y) in creating a domain wall be balanced by the 
gain in Zeeman energy (HMst), i.e., Hex= ylMst, where t is 
the Co layer thickness. A rough estimate gives Hex~0.7 T, 
in reasonable agreement with the experiment. The exchange 
field Hex remains rather temperature-insensitive whereas the 
Hirr decreases with increasing temperature, suggesting that 
the hard layer switches via some thermally assisted reverse 
domain nucleation and wall de-pinning. At temperatures 
above 250 K, square easy-axis loops are observed as the 
Sm-Co and Co layers switch simultaneously a nucleation 
field Hw. 

FIG. 4. (a) Easy-axis hysteresis loops for the Sm-Co(200 Ä)/Co(100 Ä) 
measured at different temperatures, (b) The switching fields plotted as a 
function of temperature. 

In conclusion, we have presented the experimental re- 
sults on strongly exchange-coupled Sm-Co(1100)/TM bi- 
layer films. The magnetically hard Sm-Co layers have an 
in-plane uniaxial anisotropy field as large as 20 T. The mag- 
netization of the soft TM layer is pinned at the interface to 
the hard-magnet layer and switches reversibly as expected 
for an exchange-spring magnet. Our model calculation using 
intrinsic parameters gives quantitative agreement with the 
experimental data. 
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Nd(Dy)-Fe-B films were prepared by dc magnetron sputtering on a Si(l 11) wafer with or without 
a Ta underlayer. The reversal magnetization process of Nd-Fe-B/Ta bilayer was found to be 
dominated by nucleation control model with the magnetic inhomogeneity coefficient 0^ = 0.32 
defined by Kronmuller's formulation of micromagnetic theory. But the coercivity mechanism of 
Nd(Dy)-Fe-B single layer was fitted well to domain wall pinning behavior. The range factor (half 
width between pinning sites) r0 is equal to 6.9 nm as r0>SB, the width of the domain wall. The 
magnetization phenomena of the two films are also manifest from initial magnetization curves. 
© 1998 American Institute of Physics. [S0021-8979(98)42711-7] 

I. INTRODUCTION 

Nd-Fe-B films have been prepared by thin film pro- 
cesses such as magnetron sputtering, molecular beam epi- 
taxy, and pulsed laser deposition.1"4 These films have poten- 
tial applications in microelectronics or the micro- 
electromechanical system (MEMS) due to the high energy 
product possible even down to a nanometer scale. The mag- 
netic properties depend mainly on microstructure, thus the 
growth technologies, texture control, and microstructure 
studies of Nd-Fe-B films have attracted much attention.5"11 

Magnetization reversal of Nd15Fe77B8 sintered magnets 
and Nd-Fe-B melt spun ribbons has been studied in detail 
by Kronmuller using the micromagnetic model,12"14 and by 
Hadjipanayis using the Gaunt model,15 respectively. But that 
of Nd-Fe-B thin films has not been studied in-depth so far 
due mainly to the difficulty in structure control and the in- 
terface problems. 

In this article we applied Kronmuller's formulation to 
study the coercive mechanism of the sputtered Nd(Dy)- 
Fe-B films with or without the Ta underlayer, which has 
been reported to exhibit exchange interaction between the 
interface.16 

II. EXPERIMENT 

Nd(Dy)-Fe-B films, with a thickness of 324 nm, with 
or without a Ta underlayer (30 nm) were prepared by dc 
magnetron sputtering carried out in a vacuum chamber with 
a background pressure of 5 X 10"7 Torr. A commercial 
Nd12Dy3Fe77Bg target and a pure Ta foil, with a diameter of 
3.3 cm each, were used. The distance between the target and 
the substrate was 10 cm. High purity argon (99.999%) was 
used as a sputtering gas and the working pressure was 8 
X10"3Torr during sputtering. The Nd(Dy)-Fe-B films 
were deposited at room temperature and post annealed in a 
high vacuum (1X10"7 Torr) with a temperature between 
480 and 600 °C. The phases of films were analyzed by x-ray 

a)- Electronic mail: tschin@mse.nthu.edu.tw 

diffraction (XRD). The thickness of each film was measured 
using an a-step thickness probe. The surface roughness of 
the films was measured with an atomic force microscope 
(AFM). The initial magnetization curves and magnetic hys- 
teresis loops with different applied fields were measured 
with a vibrating sample magnetometer (VSM) at room tem- 
perature. The magnetic properties of the films were also mea- 
sured at 5-400 K by a superconducting quantum interference 
device (SQUID) magnetometer under a maximum field of 55 
kOe. 

The coercive mechanism was studied by using the modi- 
fied Brown's micromagnetic theory.12 

III. RESULTS AND DISCUSSION 

A. Microstructure study 

Figure 1 shows the x-ray diffraction patterns of Nd(Dy)- 
Fe-B films with or without Ta underlayer. All peaks are 
attributed to R2Fe14B single phase (refer to JCPDS file 39- 
0473, where R is the rare-earths) for both the (Nd,Dy)2Fe14B 
single layer and the (Nd,Dy)2Fe14B/Ta bilayer. The Ta dif- 
fraction cannot be found because of its extreme thinness, 
about 30 nm. The (Nd,Dy)2Fe14B peaks are rough and broad- 
ened due to the fine grain structure resulting from the lower 
annealing temperatures at 480-520 °C for 10 min. 

To make a quantitative surface morphology, the root 
mean square surface roughness was taken by an AFM to be 
4.8 and 8.9 nm, respectively, for the films with or without Ta 
underlayer. Samples with roughness below 10 nm appear to 
have a mirrorlike smoothness which is good for application 
in lithography. 

B. Initial magnetization curves 

Figure 2 shows magnetic hysteresis loops of films with 
or without the Ta underlayer measured parallel to the film 
plane. The coercive force of the (Nd,Dy)2Fe14B single layer 
and the (Nd,Dy)2Fe14B/Ta bilayer are 14.0 and 11.3 kOe, 
respectively, while the squareness ratio of the bilayer, 0.72, 
is higher than that of the single layer, 0.62. The shape of 
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FIG. 1.  X-ray diffraction patterns of sputtered (Nd,Dy)2Fei4B films on 
Si(III). 

hysteresis loops changes as the magnetization field is in- 
creased. Initial magnetization curves of the (Nd,Dy)2Fe14B 
film with or without the Ta underlayer exhibit two different 
magnetization reversal processes; that of 
(Nd,Dy)2Fe14B/Si(lll) film, sustaining nearly the same 
width before a sharp ascent, is dominated by the domain- 
wall pinning,17 while that of the bilayer shows neither a 
nucleation nor a wall-pinning control process, as shown in 
Fig. 2(a). Thus further testimony was carried out by the mi- 
cromagnetics approach. 

C. Testimony of the magnetization reversal model 

According to the well-known micromagnetic approach, 
the relationship between coercivity (Hc) and the ideal nucle- 
ation field (Hn) is given by Brown's formula18 

Hc=aHn-NtiiMs. (1) 

Here a is a form factor and Hn equals 2K{ IMS, correspond- 
ing to the ratio between the first anisotropy constant and 
spontaneous magnetization, respectively. Ne{{ means effec- 
tive local demagnetization factor. A modified relationship 
about form factor a has been derived from the micromagnet- 
ics theory by Kronmuller,13'14'19 describing the reduction in 
nucleation field due to (1) the misalignment of grains a9; 
and (2) the magnetic inhomogeneity coefficient ak i.e., a 
= a,fak 

Hc=2Kia(pak/Ms-Ne{fMs. (2) 

For the studied Nd12Dy3Fe77B8 films, the R2Fe14B hard mag- 
netic phase possesses K^ values from negative to positive in 
the temperature range 5-400 K. The temperature dependent 
coercive force of the films could be delineated in two parts: 

i n 
(a)Nd2Fe14B/Ta/Si 

4, 

//n/ i 

0     -20     -Iff^ k^o 20 33 

 ft- 

Ha(kOe) 

O 

(b) Nd2Fe14B/Si 

0     -20 

-6- 

ro      20      30 

Ha(kOe) 

FIG. 2. Hysteresis loops of (Nd,Dy)2Fe|4B films at different applied fields. 

one below the spin reorientation temperature (rsr==135K) 
and the other above it. Three temperature ranges are 
distinguishable:20 

(i)       In the temperature range of5-135K:(/:1<0,/i:2>0) 

1.5 

o 

0.5 

0       12       3       4       5       6 

2K, a ^,/Ms2 

FIG. 3. HCIMS vs 2Ktav/M2
s for the sputtered (Nd,Dy)2Fe14B film with 

Ta underlayer. 
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FIG. 4. HCIMS vs 2KxavIM] for the sputtered (Nd,Dy)2Fe14B film with- 
out Ta underlayer. 

Hc = 2K\ a^k IMS - Nt{fMs 

1 + - 
3£2(tan <5) 2/3 

(2') 

\2/3i   ' 9   cos «5[ 1 + (tan <J)2/3]3/2 \       £,[ 1 + (tan <5)2/3] 

where <5 is replaced by 8=<p+6 for ÜT^O. Without the ex- 
ternal field, the easy magnetization direction deviates from 
the c axis by an angle 0=arcsin(-.K1/2Ä'2)

1/2, if spin reori- 
entation occurs for 7sT,<0.12 

In the temperature range of 135-298 K: 

(Kl>0,K2>0,-K2<Kl<4K2) 

H„ = - 
4(Kl + K2)ll      K^m 

(3) 

3Mt 3 + 6K2 

In the temperature range of 298-400 K: 

{Kl>K1,K2>0) 

H=2KJM< (4) 
2/3 

1 + - 
3AT2(tan <p) 

\2iTi 9   cos<p[l + (tan<p)2/3]3/2\       Kt[l + (tan <p)2/3]/' 

where <p is the angle between the c axis of neighboring 
grains. The a^ is equal to 0.5 for isotropic Nd(Dy)-Fe-B 
thin films. 

As indicated in Eqs. (3) and (4), in both case H^^IM, 
vs Hc IMS should be fitted in a straight line for a nucleation 
control magnet. The plot of H„a^/Mä vs HCIMS is shown in 
Fig. 3. The linearized slope is the value of ak, which in this 
case is measured to be 0.32, being larger than the critical 
value of 0.30. The effective demagnetization field Netf is 
obtained as 0.45. This means that the coercive mechanism of 

Nd(Dy)-Fe-B film with the Ta underlayer is dominated by 
the nucleation control model. By using Eq. (2'), the fitting of 
Hn IMS vs Hc IMS is also a line but with a negative iVeff that 
is out of physical meaning. The data of Nd(Dy)-Fe-B film 
without the Ta underlayer were also fitted by Eqs. (3) and 
(4). 

By measuring magnetic properties of Nd(Dy)-Fe-B 
single layer film from 5 to 400 K, a linear plot of Hc/Ms vs 
IKa^lM] was obtained as shown in Fig. 4. The magnetic 
inhomogeneity coefficient ak is measured to be 0.12. This 
value is less than the critical value of 0.3. Therefore, the 
magnetization reversal of the Nd(Dy)-Fe-B single layer 
film is determined by domain-wall pinning. A magnet with a 
thick pinning region of (r0>SB) should have an a value of 
(2SB/3irr0), where r0 is a range factor (half-width between 
pinning sites). The reported data of domain wall width SB 

was equal to 3.9 nm for the Nd15Fe77B8 sintered magnet.21 

The calculated value of r0 is 6.9 nm. 
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Phase formation and magnetic properties of Co-rare earth magnetic films 
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Richard A. Thomas, S. S. Malhotra, Z. S. Shan, S. H. Liou, and D. J. Sellmyer 
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Co-Sm and Co-Pr films were deposited by dc magnetron sputtering. Transmission electron 
microscopy and magnetic measurement were used to study the microstructure and magnetic 
property relationship. The nanostructure of the as-deposited Co 19 at. % Sm films consists of two 
phases: the amorphous phase and the crystallite phase. Upon annealing at 600 °C, the Co5Sm phase 
with the Cu5Ca structure, having grain size of about 20 nm, is obtained along with high coercivity 
(45 kOe). The as-deposited Co 22 at. % Sm films also have nanostructure similar to the Co 19 at. % 
films except the volume fraction of the crystallite is reduced. This is related to the concentration of 
Sm which promotes the formation of the amorphous phase. A new metastable phase Co3Sm is 
formed upon annealing of the Co 22 at. % Sm film at 500 °C. This phase has the D019 structure in 
which the Sm atoms take ordered positions of a triangular pattern in the close-packed planes. A 
relatively high coercivity value of 29 kOe was obtained from this phase. The as-deposited Co-Pr 
films show mainly an amorphous phase. Upon annealing at 500 °C for 20 min, Co2Pr with the 
Mg2Cu-type structure was identified in the Co 35 at. % Pr film. Two phases were identified in the 
Co 16 at. % Pr films. Coercivities up to 3.1 kOe were achieved in these films. © 1998 American 
Institute of Physics. [S0021-8979(98)30611-8] 

I. INTRODUCTION 

Hard and semihard Co rare earth films are of increasing 
interest for magneto-electronic and magnetic-recording ap- 
plications. The Co-Sm and Co-Pr systems also have high 
Tc suitable for high temperature magnets. A number of ar- 
ticles on the Co-Sm and Co-Pr systems have been 
presented.1"5 The magnetic properties of materials can be 
divided into intrinsic properties and extrinsic properties. The 
intrinsic properties such as magnetization are related to the 
crystal structure of the magnetic phase while the extrinsic 
properties such as coercivity are affected by the microstruc- 
ture. Development of new magnetic materials involves the 
search for new magnetic phases and the design of micro- 
structure. In this article we report our detailed study on phase 
formation, microstructure, and magnetic properties relation- 
ship in films based on the Co-Sm system and Co-Pr system 
heat treated at different temperatures. 

II. EXPERIMENTAL PROCEDURE 

For the Co-Sm system, the films were deposited by dc 
magnetron sputtering. Two compositions near the Co5Sm 
and Co7Sm2 were selected. All films have a Cr underlayer of 
about 90 nm except the one with the composition of Co 19 
at. % Sm annealed at 600 °C which is deposited on a quartz 
substrate. All the films have a Cr cover layer of about 10 nm. 
For the Co-Pr system multilayers of Co-Pr/Co films were 
deposited using a multiple-gun dc and rf sputtering chamber. 
The multilayer microstructure is designed to promote mag- 
netic hard phase and soft phase coupling in order to gain 
maximum energy product. A 50 nm underlayer and a 10 nm 

cover layer of Cr were used for film seeding and protection. 
Plan-view transmission electron microscopy (TEM) samples 
were prepared by dimpling and ion milling process. TEM 
study was conducted using a JEOL 2010 transmission elec- 
tron microscope. 

III. RESULTS AND DISCUSSION 

The deposition parameters, film thickness, coercivity, 
and phase identification results are summarized in Table I. 
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Cr(80nm)/SmCo(264nm)/Cr(1 Onm) 
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-1— 
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FIG. 1. Magnetization loop of the Co5Sm film annealed at 600 °C. 
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TABLE I. Composition, deposition condition, nanostructure, and magnetic properties relation in Co-Sm and 
Co-Pr films. C indicates crystallite phase and A amorphous phase. Vc is the volume fraction of the crystallite 
phase against the amorphous phase. 

Film com. Ar pressure Film thickness -Vc Grain size Coercivity 
(at. %) (mTorr) (nm) Phases (%) (nm) (kOe) 

Co 19 at. % Sm 5 24 C+A 91 5 0.61 

Co 19 at. % Sm 12 24 C+A 65 5 2.58 

Co 19 at. % Sm 30 24 C+A 54 5 0.92 

Co 19 at. % Sm 

Annealed at 600 °C 20 360 Co5Sm 

(Cu5Ca) 

100 20 45 

Co 22 at. % Sm 5 30 C+A 81 5 1.2 
Co 22 at. % Sm 17 30 C+A 57 5 4.1 

Co 22 at. % Sm 30 30 C+A 48 5 3.4 

Co 22 at. % Sm 

Annealed at 500 °C 394 D019 100 15 29 

a 

FIG. 2. (a) Comparison of SAD pattern and calculated intensity distribution 
for the film described in Fig. 1. (b) TEM image of the microstructure. 

FIG. 3. (a) Comparison of SAD pattern and calculated intensity distribution 
for the Co 22 at. % Sm film, (b) TEM image of the microstructure. 
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The nanostructure of the as-deposited Co 19 at. % Sm films 
has been studied in earlier work1 and is included here for 
comparison. Upon annealing at 600 °C, the equilibrium 
phase Co5Sm with the Cu5Ca structure is obtained along 
with high coercivity. Figure 1 shows the magnetization loop. 
Coercivities up to 45 kOe were achieved. Figure 2 shows the 
selected area diffraction (SAD) pattern and TEM micro- 
graph. The diffraction shows perfect match with the calcu- 
lated intensity. The grain size is about 20 nm. 

The Co 22 at. % Sm films also have a nanostructure 
similar to the Co 19 at. % films except the volume fraction of 
the crystalline against amorphous phase is reduced. This is 
related to the concentration of Sm which promotes the for- 
mation of the amorphous phase. Figure 3 shows the SAD 
pattern and the TEM image of the Co 22 at. % Sm film 
annealed at 500 °C. A new phase Co3Sm is formed as indi- 
cated by the matching of the TEM pattern and calculation. 
This phase has the D019 structure in which the Sm atoms 
taking the ordering positions of a triangular pattern in the 
close-packed planes. The close-packed planes are stacked by 
the sequence of ABAB in the c direction. A relatively high 
coercivity value of 29 kOe was obtained from this phase. 

The appearance of the D019 structure is not a surprise 
but rather easy to comprehend. In the as-deposited Co-Sm 
films, the structure of the crystallite is the close-packed struc- 
ture with Sm atoms randomly distributed in the close-packed 
planes and short range packing order in the c direction. Upon 
annealing, two things happened: one is that the Sm atoms 
within each close-packed plane form a triangular ordering 
pattern, and the second is that the packing in the c direction 
takes the long range ABAB packing. The lattice parameters 
deduced from this phase are a = 0.256 nm c = 0.419 nm com- 
pared to the lattice parameters of Co a = 0.2505 nm, 0.4065 
nm. It is interesting to note that the lattice parameters be- 
tween the D019 phase and the Co phase are close to each 
other, suggesting a low energy state at the interphase. It is 
suggested that two-phase structure composed of Co and 
D019 phase could be stable up to 500 °C. 

The as-deposited Co-Pr films show largely amorphous 
phase. Upon annealing at 500 °C for 20 min, Co2Pr of the 
Mg2Cu-type structure was identified in the Co 35 at. % Pr 
film. Two phases were identified in the Co 16 at. % Pr films. 
Coercivities up to 3.1 kOe were achieved in these films. 

IV. CONCLUSIONS 

Three metastable phases were found in the sputtered 
Co-Sm films: the amorphous phase, the close-packed hex- 
agonal phase with different stacking mode in the as- 
deposited film, and the D019 structure phase in the film an- 
nealed at 500 °C. 

Corresponding to the different phases and microstruc- 
ture, the coercivities change from about 1-42 kOe. Maxi- 
mum coercivity was achieved from the Co5Sm phase with 
the Cu5Ca structure. The new metastable phase of D019 

structure found in the Co 22 at. % Sm film also showed 
relatively high coercivity of 29 kOe. 
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High coercivity SmCo based films made by pulsed laser deposition 
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Department of Physics, Queens College of CUNY, Flushing, New York 11367 

Films of SmCo based materials exhibiting high intrinsic coercivities and smooth hysteresis loops 
have been prepared by pulsed laser deposition (PLD) onto moderately heated substrates. Films 
directly crystallized from SmCo5 targets onto 375 °C substrates exhibited a maximum ,7/c 

= 11.3 kOe at a pulse repetition rate of 10 Hz with lower coercivities for both lower and higher 
pulse repetition rates. In the present case the films were deposited onto polycrystalline substrates. 
The films exhibited a very small grain size of less than 1 /urn diameter, were mirrorlike, and shadow 
deposited films were relatively particulate free under scanning electron microscope examination. 
Shadowed PLD deposition was used for the best films. Laser wavelengths of 193 and 248 nm were 
used with pulse repetition rates from 5 to 50 Hz. Films grown without shadowing exhibited a great 
deal of particulate contamination. The hysteresis loops of such nonshadowed films were constricted 
and exhibited drops in the ATTM values upon demagnetization. To our knowledge this is the first 
reporting of high coercive force SmCo based films deposited by PLD exhibiting single phase type 
hysteresis loops.   © 1998 American Institute of Physics. [S0021-8979(98)42811-l] 

INTRODUCTION 

High coercivity films of SmCo based systems have been 
deposited by sputtering by several distinct variants. Highly 
textured polycrystalline films have been made by using sput- 
ter process control to grow films at thicknesses out to at least 
120 /tun.1-4 Such films have the crystalline c axes nearly 
randomly aligned onto the substrate plane. Buffer layers are 
necessary to grow relatively thick films but in principle ar- 
bitrarily thick films of highly aligned SmCo deposits can be 
grown by this method. In contrast to this, highly aligned thin 
films with thicknesses of less than 0.1 /urn have been grown 
by using substrate film epitaxy.5'6 The thicker films as grown 
by sputter process control are generally more suited to device 
applications. Such relatively thicker films as grown by sput- 
ter process control have been used to bias to saturation YIG 
substrates,4 to bias permalloy films,7 and in the construction 
of a film based magneto-optic waveguide isolator.8 In this 
latter device the textured SmCo films were grown directly 
onto compliant layers directly deposited onto a Bi-YIG op- 
tical waveguide so that epitaxy could not have been used to 
grow such films. Film scale magnetic devices generally em- 
ploy a magnetically sensitive material such as a magnetore- 
sistive material, a superconducting film element, or a mag- 
netic field sensitive optical material. In addition soft 
magnetic films are used as flux paths with permanent magnet 
films used as magnetic biasing elements. Many of the mag- 
netically sensitive types of materials have been readily de- 
posited by pulsed laser deposition (PLD). Such films include 
high Tc oxide superconductors, ferrites, and magnetoresis- 
tive materials such as the La manganites. It should be noted 
that these are oxide materials which are generally difficult to 
sputter deposit with controlled texturing and at appreciable 
deposition rates. To illustrate the differences in PLD and 
sputter deposition we have made SmCo based magnetic films 
by PLD. Although the time averaged deposition rates of 

"'Electronic mail: Fred_Cadieu@QC.EDU 

sputter and PLD deposited films are comparable, material is 
ejected in PLD only during a series of pulses of very short 
time duration compared to the time between pulses.9 This 
means that the relative mobility of deposited surface atoms is 
very much less for PLD than for sputtering since a complete 
monolayer can be deposited per pulse. The growth of PLD 
deposited permanent magnet films also has direct impact on 
the fabrication of film scale magnetic devices. There have 
been only a few reportings of rare earth transition metal films 
as grown by PLD and mostly confined to Nd2Fe14B.10 

EXPERIMENT 

PLD, utilizing a Lambda Physik 305Fi excimer laser, 
has been used to deposit SmCo based films from a set of 
bulk compound targets. Films have been deposited using 
wavelengths of 248 and 193 nm, pulse energies of 500-650 
mJ at 5-50 Hz with an estimated pulse width of 15 ns. A 
shadow mask has been used to shield part of the substrate 
during the PLD process. In this manner the magnetic prop- 
erties, as well as the number of particulates reaching the 
substrate in and out of the shadow region, could be observed. 
Most of the films discussed here have been grown using a 
substrate temperature ranging from 100 to 750 °C in argon 
pressures from 100 to 240 mTorr. Film compositions were 
determined using electron excited x-ray analysis in a scan- 
ning electron microscope (SEM). The film composition mea- 
surements were calibrated against known bulk composition 
standards. 

RESULTS AND DISCUSSION 

SmCo based films deposited by PLD in the absence of 
any shadowing onto heated alumina substrates exhibited a 
strong dependence of Sm concentration on the argon back- 
ground gas pressure in the deposition chamber. Figure 1 
shows the Sm concentration for a series of films deposited 
onto polished alumina substrates at 375 °C from SmCo5 tar- 
gets, and at 500 °C from SmCo "2-17" targets, as a func- 
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FIG. 1. The Sm at % for a series of PLD films made on to 375 °C substrates 
from bulk SmCo5 targets, and films made on to 500 °C substrates from bulk 
SmCo "2-17" targets, for different Ar pressures during the deposition is 
shown. 

tion of Ar gas pressure. The targets in the latter case con- 
sisted of normal bulk type "2-17" magnet material with a 
composition of Sm 13 at %, Co 58%, Fe 20%, Cu 7%, and 
Zr 2%. Under vacuum conditions the film Sm concentration 
corresponded to that of the targets. Films made under 
vacuum, however, exhibited a large number of particulates 
causing such films to be unattractive for film device applica- 
tions. During sputtering large concentration changes can also 
be effected by using increased sputtering gas pressures and 
in particular admixtures of Xe as a part of the sputtering 
gas.2 Changes in the sputtering gas pressure could be used to 
vary the film composition from 12 to 18 at %.n Higher pres- 
sures tend to preferentially scatter the lower mass transition 
metal atom components relative to the more massive Sm 
atoms. The net effect is that the lighter transition metal atoms 
are on the average scattered through larger angles and effec- 
tively removed from the deposition beam. Higher pressures 
in the deposition chamber tend to enrich the Sm concentra- 
tion in the films. 

Room temperature hysteresis loops measured in plane 
and perpendicular to the plane are shown in Fig. 2 for a 
shadow region film deposited at 375 °C and 100 mTorr Ar at 
a laser wavelength of 193 nm with a pulse rate of 14 Hz. The 
PLD target was bulk SmCo5. The in plane tHc was 9.7 kOe 
and the loop shape was characteristic of single phase mate- 
rial. It should be noted that there is no retracing of the in 
plane hysteresis loop to the highest measurement magnetic 
field of 18 kOe. An x-ray diffraction pattern for the film of 
Fig. 2 is shown in Fig. 3. The evident CaCu5-type structure 
(110) dominant texturing and (111) secondary CaCu5-type 
shoulder are consistent with the relative shapes of the in 
plane and perpendicular to the plane hysteresis loops. 

Films of SmCo based materials made without the use of 
a shadow mask exhibited an appreciable density of particu- 
lates on the substrate. Films made in vacuum, 1.8 
X10"7 Torr, on to 550 °C substrates exhibited a small grain 
size of 0.17-0.30 /mi diameter. The particulates tended to be 
of two principal sizes, =»0.33 yum diameter for the small 
ones, and «0.83 /jm diameter for the larger ones. The par- 
ticulate density for nonshadowed films increased with pres- 
sure even though the number density of the larger sized par- 
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FIG. 2. Room temperature hysteresis loops for a shadow deposited PLD 
film made from SmCo5 target at 375 °C on to alumina substrate, pressure 
100 mTorr Ar, pulse rate 14 Hz are shown. The key items to note are that 
the intrinsic coercivity is 9.7 kOe and that the loop shape is smooth. 

ticulates remained nearly constant. Nonshadowed films made 
at 500 °C and 30 mTorr Ar exhibited an average particulate 
density of 0.21/yum2, similar films except at 75 mTorr Ar 
exhibited 0.33//zm2. In order to limit the number of particu- 
lates arriving at the substrate a stainless steel sheet metal 
shadow was located in the deposition plume to block the 
direct transport of particulates to the substrate. A higher 
background gas pressure of argon was then required to scat- 
ter the atoms to reach the substrate. The shadow mask strip 
was arranged midway between the target and substrate so 
that the shadow blocked a 13X50 mm substrate region. 

Figure 4 shows hysteresis loops for a SmCo based film 
shadow deposited at a substrate temperature of 375 °C in 100 
mTorr Ar at a laser pulse rate of 10 Hz. The in film plane ,//c 

was 11.3 kOe. The film surface was mirrorlike which is dif- 
ferent from directly crystallized textured SmCo films grown 
onto alumina films by sputtering. The smooth mirrorlike sur- 
face was consistent with a small average grain size. The 
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FIG. 3. An x-ray diffraction trace for the film of Fig. 2 is shown which 
indicates (l 10) dominant and (111) secondary texturing. The x ray is in- 
dexed as CaCu5-type structure film. The substrate lines from the polycrys- 
talline A1203 are indicated by S in the figure. 
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FIG. 4. Room temperature hysteresis loops are shown for a PLD film de- 
posited from bulk SmCo5 target at 375 °C, pressure 100 mTorr Ar, shad- 
owed deposition. The laser settings were 193 nm, 600 mJ pulses, 10 ns pulse 
width, and 10 Hz. 

shadow deposited films replicated polish marks on the under- 
lying substrate that made it difficult to determine a film grain 
size. The deposit in the shadow region was paniculate free. 

To study the effects of surface atom mobility a series of 
films were deposited from bulk SmCo5 targets in 100 mTorr 
Ar onto substrates held at 375 °C using \=193 nm for dif- 
fering pulse repetition rates from 5 to 50 Hz. This is shown 
in Fig. 5 where the jHc values versus laser pulse rate are 
shown for a series of films shadow deposited under the same 
conditions except for the laser pulse repetition rate. The 
higher pulse rates result in low coercivities due to insuffi- 
cient time between pulses for surface atom site adjustments. 
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FIG. 5. The coercivity tHc vs laser pulse rate is shown for a series of films 
shadow deposited from SmCo5 bulk targets using X=193 nm, T substrate 
= 375 °C, and P= 100 mTorr Ar. The values shown were measured at room 
temperature on as deposited films. 

In this series the highest coercivity of 11.3 kOe was obtained 
for a pulse rate of 10 Hz. The hysteresis loops for films made 
at laser pulse rates between 10 and 20 Hz were offset in the 
initial magnetization direction since the maximum applied 
field of 18 kOe was insufficient to achieve saturation. Lower 
pulse rates resulted in low coercivities believed to be caused 
by surface gas contamination due to the longer times be- 
tween successive pulses. 

A key result of this article is that it has been possible to 
produce SmCo films directly by shadowed PLD onto slightly 
heated substrates with coercivities up to 11.3 kOe at 10 Hz 
as a function of the laser pulse repetition rate. Higher laser 
pulse rates did not allow sufficient site relaxation between 
pulses, while lower pulse rates lead to film contamination 
because of the longer time between deposition pulses. An 
operative deposition condition is that \lf/R = const-d, where 
T is the absolute substrate temperature with the surface atom 
speed proportional to \jf, d is the site relaxation distance, 
and IIR is the time between laser pulses for the pulse rate R. 
Higher laser pulse rates can then only be fruitfully used at 
higher substrate temperatures where the surface atom mobil- 
ity is increased to provide site relaxation before the surface is 
buried by the deposit from the next laser pulse. At higher 
substrate temperatures the film reactivity with contaminating 
background gases is expected to increase so that higher sub- 
strate temperatures would require lower background gas 
pressures. 
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Mechanism of composition change in sputter deposition 
of barium ferrite films with sputtering gas pressure 

E. Suzuki and Y. Hoshia) 

Faculty of Engineering, Tokyo Institute of Polytechnics, Atsugi, Kanagawa 243-02, Japan 

M. Naoe 
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In this study, we used computer simulation to investigate changes in the composition of hexagonal 
barium ferrite films with sputtering gas pressure obtained by the sputter-deposition processes. The 
iron content in the film deposited by facing target sputtering increased as the sputtering gas pressure 
increased and reached a maximum value at a certain gas pressure. These changes in the film 
composition were explained as follows: sputtered particles scatter when they collide with sputtering 
gas atoms, and this scattering changes the ratio of the particles reaching the substrate. When the 
substrate was located to the side of the target, as in a facing target sputtering system, this scattering 
resulted in an increase in the amount of sputtered particles arriving at the substrate, although too 
much scattering caused the amount to decrease. When a magnetron sputtering system is used for the 
film preparation, this gas scattering leads to a decrease in the amount of sputtered particles arriving 
at the substrate which is located opposite the target. Since this gas scattering depends significantly 
on the atomic mass of the sputtered particles, the gas pressure dependence of the amount of iron 
atoms arriving differs considerably from that of the amount of barium atoms arriving. This 
difference leads to the changes in film composition. © 1998 American Institute of Physics. 
[S0021-8979(98)46311-4] 

I. INTRODUCTION 

A hexagonal barium ferrite (BaM) thin film with excel- 
lent magnetic properties cannot be obtained unless the film 
composition is controlled precisely.1 In the sputter deposition 
of barium ferrite films, however, the film composition 
changed significantly when the deposition conditions 
change,2 mainly because high-energy particles, produced 
from negative oxygen ions emitted from the target, bombard- 
ing the film surface caused the composition of the film to 
differ from that of the target material.1'2 This high-energy 
particle bombardment of the film surface was eliminated in 
facing target sputtering (FTS), which resulted in only a small 
change in film composition.1 

The iron content in a BaM film deposited by a FTS 
system, however, increases with an increase in sputtering gas 
pressure, reaches a maximum at a certain gas pressure, and 
decreases with further increases in the gas pressure. To ex- 
plain these changes in the film composition with sputtering 
gas pressure, we carried out a computer simulation of the 
sputter deposition processes and found that changes in the 
film composition with sputtering gas pressure were mainly 
caused by the scattering that occurs when sputtered particles 
in the space between the target and substrate collide with the 
atoms of the sputtering gas. 

In this article, we will show the mechanisms of the com- 
position changes caused by the scattering of sputtered par- 
ticles through the collisions with sputtering gas atoms in FTS 
and in conventional magnetron sputtering. 

II. SIMULATION OF TRANSPORT PROCESS IN 
SPUTTERING 

A facing target sputtering system and a magnetron sput- 
tering system were assumed to be used for the film deposi- 
tion (Fig. 1). The trajectory of each of the sputtered particles 
emitted from the target was calculated and the amount of 
sputtered particles deposited on the substrate was estimated. 
This transportation of the sputtered particles was calculated 
according to the model reported by Motohiro3 and Turner.4 

The emission angles of sputtered particles from the target 

lucim 
Magnetron sputtering system 

10cm 
Target 

Center 

Substrate 

a,Electronic mail: hoshi@ee.t-kougei.ac.jp 

Facing target sputtering system 

FIG. 1. Target-substrate arrangement in the sputtering systems simulated in 
this study. 
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FIG. 2. Relation between sputtering gas pressure and the amounts of iron 
and barium atoms arriving at the substrate, (a) is obtained for the FTS, and 
(b) is obtained for the magnetron sputtering system. 

were assumed to follow cosine law. The energy distributions 
of iron atoms emitted from the target were assumed to be 
emitted from pure metal iron, and calculated by using Tomp- 
son's model.5 The energy of primary ion which bombards 
the target surface was assumed to be 780 eV. For barium 
atoms, the following parameters were used in calculating the 
energy distribution; atomic number, 56; atomic mass, 137.3; 
atomic radius, 2.22 Ä; length between atoms, 4.35 Ä; bond- 
ing energy (Ba02), 8.4 eV in the Tompson's model.5 Gas 
temperature during sputtering was assumed to be 673 K. In 
the simulation, one million atoms were emitted from the tar- 
get and the amount of particles incident on the substrate was 
calculated at various sputtering gas pressures. It should be 
noted that the sputtering gas, iron, and barium, differ consid- 
erably in terms of both atomic radius and atomic mass. 

III. RESULTS AND DISCUSSIONS 

Figure 2 shows simulated examples of the amount of 
iron atoms and barium atoms arriving at the substrate in the 
magnetron sputtering and in the FTS. The amount of atoms 
arriving in Fig. 2 was normalized by the value obtained with- 
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FIG. 3. Changes in the arrival ratio of iron atoms to barium atoms with 
sputtering gas pressure, (a) is obtained for FTS, and (b) is obtained for the 
magnetron sputtering. 

out gas scattering. It should be noted that the amount of 
atoms arriving in the FTS increases as the sputtering gas 
pressure increases. On the contrary, the amount of atoms 
arriving in magnetron sputtering decreases as the sputtering 
gas pressure increases. This increase in the FTS and decrease 
in the magnetron sputtering are explained as follows: in a 
facing target sputtering system, the substrate is located to the 
side of the target as shown in Fig. 1. In this target-substrate 
arrangement, scattering of the sputtered particles because of 
collisions with sputtering gases leads to an increase in the 
amount of sputtered particles arriving at the substrate. Too 
much scattering which will occur at a higher gas pressure, 
however, causing the amount to decrease. 

In the magnetron sputtering system, the scattering causes 
a decrease in the amount of both iron and barium arriving at 
the substrate as the sputtering gas pressure increases, since 
the substrate is located opposite the target. 

It should also be noted that the gas pressure dependence 
of the amount of iron atoms arriving at the substrate differs 
remarkably from that of barium atoms. This is mainly due to 
the different atomic masses of iron and barium. These differ- 
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ences in the amount of deposition particles arriving should 
cause the film composition to change. The ratio of the 
amount of the iron atoms to barium atoms arriving at the 
substrate (arrival ratio) is equivalent to the composition of 
the deposited film, when the sticking probability is unity. 
Figure 3 shows the changes in the arrival ratio with sputter- 
ing gas pressure in the FTS Fig. 3(a) and in the magnetron 
sputtering system Fig. 3(b). The arrival ratio of iron to 
barium estimated from the composition of barium ferrite 
films deposited by the FTS is also shown in Fig. 3(a). The 
arrival ratio at 2 mTorr was assumed to be 1. The iron con- 
tent in the film deposited by FTS increases as the sputtering 
gas pressure increases, and reaches a maximum at a certain 
gas pressure. It is clear from the figure that these changes in 
the arrival ratio obtained from the simulation qualitatively 
agree with experimental results. 

On the other hand, the arrival ratio of iron to barium in 
the magnetron sputtering system decreases monotonically as 
the sputtering gas pressure increases, since the amount of 
arriving iron atoms decreased more steeply than did the 
amount of barium atoms. This indicates that the iron content 
in the film should decrease as the sputtering gas pressure 
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FIG. 6. Arrival ratio of iron atoms to barium atoms sputtered in Ar, Kr, and 
Xe in FTS. 

increases, if the high-energy particle bombardment of the 
film surface is eliminated during deposition. However, dis- 
tinguishing the composition change due to the gas scattering 
of sputtered atoms was difficult, since the high-energy par- 
ticle bombardment of the film surface during deposition was 
not eliminated in this sputtering system. 

When other sputtering gases (such as Kr and Xe) are 
used in place of Ar, the gas pressure dependence of the 
amount of iron and barium atom arriving will differ signifi- 
cantly from that observed in sputtering using argon gas. This 
difference will result in changes in the pressure dependence 
of the film composition. Figures 4 and 5 show examples of 
the amounts of iron and barium atoms arriving during sput- 
tering in various gases in the FTS. It is clear from the figure 
that the gas pressure where the amount of atoms arriving 
takes a maximum value shifts to a lower gas pressure area as 
the mass of sputtering gas increases. From these results, the 
changes in film composition with the changes in sputtering 
gas pressure, shown in Fig. 6, can be derived. The 
sputtering-gas-dependent changes in film composition should 
thus be taken into consideration to obtain a film with the 
desired composition. 

IV. CONCLUSIONS 

The transportation of sputtered particles from the target 
to the substrate was investigated. The scattering of sputtered 
particles by collision with the sputtering gas was found to 
play an important role in changing the film composition. In 
addition, it should be noted that this gas scattering effect will 
lead to a quite different gas pressure dependence of the film 
composition when the arrangement of target and substrate in 
the sputtering systems is changed. 

'M. Matsuoka, Y. Hoshi, M. Naoe, and S. Yamanaka, IEEE Trans. Magn. 
18, 1119 (1982). 

2M. Naoe, S. Hasunuma, Y. Hoshi, and Y. Yamanaka, IEEE Trans. Magn. 
17,3184(1981). 

3T. Motohiro, J. Vac. Sei. Techno], 4, 189 (1986). 
4G. M. Turner, I. S. Falconer, B. W. James, and D. R. McKenzie, J. Appl. 

Phys. 65, 3671 (1989). 
5M. W. Thompson, Philos. Mag. 18, 377 (1968). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Magnetic and structural properties of high coercivity Sm(Co, Ni, Cu) 
sputtered thin films 

C. Pradosa) and G. C. Hadjipanayis 
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716 

The effects of heat treatments on the structural and magnetic properties of Sm(Co, Ni, Cu) sputtered 
thin films were investigated. Crystallization of the initially amorphous magnetic films produces a 
huge enhancement of coercivity (from 100 Oe to more than 40 kOe). The crystallized structure 
consists of exchange coupled precipitates in the nanometers range. The pinning of the magnetization 
reversal at the high anisotropy grains is proposed as the origin of such a magnetic behavior. By 
tuning the coercivity through the annealing conditions, these systems could be used in a number of 
applications, from longitudinal recording media to thin film permanent magnet. © 1998 American 
Institute of Physics. [S0021-8979(98)46411-9] 

I. INTRODUCTION 

In the last years, SmCo/Cr bilayers films have been pro- 
posed as an attractive candidate for ultrahigh density record- 
ing media.1-4 The main driving force for the use of rare-earth 
based alloys is to attain a recording density as high as 10-20 
Gb/in2. In general, modifications of the SmCo5 composition 
have been used due to its high coercivity and large magnetic 
anisotropy. In order to obtain appropriate microstructure and 
crystallographic orientation in these films, extensive studies 
have been carried out using different deposition conditions 
and underlayer materials.4 

On the other hand, the CaCu5 type compounds, 
SmCo5_xNix and SmCo5_xCu^ are known to exhibit huge 
values of coercivity due to the so-called giant intrinsic mag- 
netic hardness.5'6 In spite of the number of studies related to 
the properties of the bulks alloys, only a few are reported on 
thin films. In this article, the structural and magnetic proper- 
ties of SmCo5, SmCo2Cu3, and SmCo2Ni3 thin films depos- 
ited by dc magnetron sputtering on a Cr underlayer are stud- 
ied in the as-deposited state and after subsequent heat 
treatments. The different microstructures which have been 
obtained lead to a wide range of coercivity values, which 
make these compounds suitable for a variety of applications, 
from longitudinal recording media to thin film permanent 
magnets. 

II. EXPERIMENT 

Sm(Co, Ni, Cu)/Cr bilayers were deposited on water 
cooled Si substrates with a dc magnetron sputtering system. 
Ar at a pressure of 5 ffiTorr was used as discharge gas. The 
Cr underlayers were deposited from a pure (99.9%) solid Cr 
target. The Sm(Co, Ni, Cu) targets were pressed powder type 
with nominal compositions SmCo5, SmCo2Cu3, and 
SmCo2Ni3. The deposition rates were 1.25 A/s for Cr and 6 
A/s for Sm(Co, Ni, Cu) and were calibrated by low angle 
x-ray diffractometry (XRD). The thickness of the Cr under- 
layer and the Sm(Co, Ni, Cu) film were 300 and 500 nm, 
respectively. The role of the Cr underlayer is to promote a 

Electronic mail: celso@fresno.csic.es 

c-axis texture along in plane directions in the Sm-Co film in 
order to increase its in-plane magnetic anisotropy.4 The bi- 
layers were annealed in a vacuum of better than 10~5 Torr at 
a constant temperature for 30 min. Different pieces of the 
same as-deposited sample where submitted to this heat treat- 
ment, ranging the annealing temperature for each piece from 
400 to 650 °C. Each heat treatment has been labelled with 
the characteristic annealing temperature. The structural prop- 
erties were determined by XRD. Room temperature hyster- 
esis loops were measured with a superconducting quantum 
interference device (SQUID) magnetometer at a maximum 
applied magnetic field of 55 kOe. Principal remanence 
curves were measured at room temperature using a vibrating 
sample magnetometer. 

III. RESULTS AND DISCUSSION 

The high angle XRD diagrams of the samples showed 
the (110) peak as the single line from the Cr, and revealed 
that the Sm(Co, Ni, Cu) layers were amorphous in the as 
deposited state. After subsequent heat treatments, the amor- 
phous hallow around the position corresponding to the 
SmCo5 (111) line started to evolve into a broad nanocrystal- 
line peak with an increasing relative intensity. Figure 1 
shows the crystalline grain size for the layers of composi- 
tions SmCo2Cu3 and SmCo2Ni3 as a function of the anneal- 
ing temperature. Grain size has been determined from the 
full width at half maximum through the Scherrer's formula. 
The values are around 20 nm for SmCo2Ni3 and 10 nm for 
SmCo2Cu3. The effect of the increasing annealing tempera- 
ture was to increase the Sm-Co crystallized fraction rather 
than change the grain size, which slightly grew with the an- 
nealing temperature. Preliminary transmission electronic mi- 
croscopy studies showed that the nanocrystallites are embed- 
ded in an amorphous matrix. 

Figure 2(a) shows the evolution of coercivity with the 
annealing temperature for the three compositions. All of 
them exhibit low coercivity in the as deposited state, because 
of their amorphous structure, which increases more than two 
orders of magnitude with the heat treatment. The hardening 
starts at 515 °C for the case of SmCo5 and at 450 °C for 
SmCo2Ni3 and SmCo2Cu3. The highest value of coercivity 
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FIG. 1. SmCo2Cu3 and SmCo2Ni3 grain size as a function of the annealing 
temperature. Grain size has been determined from the width of the (111) 
SmCo5 line using Scherrer's formula. 

has been of 42 kOe for the SmCo2Cu3 composition, annealed 
at 550 °C for 30 rain (note that coercivity has been deter- 
mined at room temperature and with a maximum applied 
field of only 55 kOe). Coercive fields larger than 20 kOe 
have been obtained for the other two compositions. These 
values are comparable, and even much larger in the case of 
SmCo2Cu3, than those reported in epitaxial oriented Sm-Co 
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FIG. 3. SM plots of the sample with composition SmCo5 at two represen- 
tative annealing conditions, 535 (low coercivity) and 550 °C (high coerciv- 
ity). SM(H) has been obtained from the isothermal magnetization curve, 
Mr(H) and the dc demagnetization Md(H) through the expression dM 
= Md-(\-2Mr). 

films measured along the hard axis.7 Relative remanence 
(remanent moment divided by the magnetic moment at the 
maximum applied field) is displayed in Fig. 2(b) for the three 
compositions at the different annealing temperatures. In the 
highest coercivity range the relative remanence is around 
0.8. 

No steps are observed in the measured hysteresis loops 
over the range of annealing conditions and subsequent struc- 
tures. This is indicating that, in spite of the different amor- 
phous and crystalline phases present in the films, they be- 
have magnetically coupled. This point is more deeply 
analyzed through the principal remanence curves. 

SM plots have been constructed from the principal re- 
manence curves measured for the three compositions at dif- 
ferent annealing conditions (for the definition of the principal 
remanence curves and SM plots see, for instance, Ref. 8). 
Figure 3 shows SM plots for the SmCo5 sample at two rep- 
resentative annealing conditions, 535 °C where the sample 
still exhibits a low coercivity, and 550 °C in the high coer- 
civity range. The positive values of the SM are interpreted to 
result from magnetizing interaction between the particles 
(exchange coupling). The maximum value of the SM plot 
does not change substantially with the annealing tempera- 
ture, indicating that the strength of the interaction between 
particles is independent of the coercivity. Similar behavior is 
observed in the other two compositions, intergrain interac- 
tion is always magnetizing and of the same order for the 
different crystallization stages. 

The structural and magnetic characterization described 
above provides insight on the outstanding magnetic proper- 
ties exhibited by these samples. In the as deposited and low 
temperature annealing stages, the magnetic layers are basi- 
cally amorphous with low coercivity. A nanocrystalline 
structure is developed with the higher temperature heat treat- 
ments, with the grain size being rather independent of the 
annealing temperature. The particles are exchange coupled 
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through the remaining ferromagnetic matrix. The huge en- 
hancement of coercivity may be related to the strong hin- 
drances of the magnetization reversal due to domain wall 
pinning at the high anisotropy Sm-Co precipitates. The pin- 
ning effectiveness improves with the density of crystallites 
giving rise to such an enhancement of coercivity at annealing 
temperatures around 500-550 °C. 

IV. CONCLUSION 

SmCo5/Cr and giant intrinsic magnetic hardness com- 
pounds Sm(Co, Ni, Cu)5/Cr have been fabricated by dc 
magnetron sputtering deposition. Heat treatment of the ini- 
tially amorphous magnetic films results in a refined grain 
structure with high anisotropy Sm-Co precipitates in the na- 
nometric scale. At the same time, a huge coercivity enhance- 
ment (from 100 Oe to 42 kOe in the case of SmCo2Cu3) is 
observed. The nondependence of the strength on the positive 
magnetic interaction between particles and the average grain 
size on the crystallization stage, indicated that the coercivity 

is related to domain wall pinning at the high anisotropy pre- 
cipitates. The possibility of tuning the coercivity over a 
range of more than two orders of magnitude through the 
annealing conditions, make these films suitable for a variety 
of applications, from longitudinal recording media to thin 
film permanent magnets. 
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Nanocomposites, consisting of a hard magnetic rare earth-transition metal phase exchange coupled 
to soft magnetic a-Fe or a-(Fe,Co), exhibit enhancement of the remanent magnetization due to 
exchange coupling across interfaces between grains. Modeling studies have shown that crystallite 
sizes of less than 20 nm are generally required for significant remanence enhancement and values 
of remanent magnetization equal to 70%-80% of saturation magnetization have been reported in 
mechanically alloyed two phase mixtures of a-Fe and a hard magnetic phase, such as Nd2Fe|4B. 
Studies of microstructural evolution during mechanical alloying have shown that as-milled 
structures consist of a magnetically soft two phase mixture of a-Fe and an amorphous phase. Similar 
microstructures are observed regardless of whether mechanical milling or mechanical alloying has 
been carried out. Heat treatment above a critical temperature is required to crystallize grains of the 
hard magnetic phase. The formation of metastable intermediate phases with interesting magnetic 
properties may precede formation of the equilibrium phase. It is found that the crystallization 
temperature is an important parameter determining the grain size of the soft magnetic phase and, 
hence, magnetic properties. Recent measurements of the reversible and irreversible magnetization 
behavior of this novel class of permanent magnet are also discussed. © 1998 American Institute 
of Physics. [S0021-8979(98)42911-6] 

I. INTRODUCTION 

Nanocomposite permanent magnetic materials have at- 
tracted considerable interest since 1991, when it was 
recognized1 that exchange coupled, nanoscale mixtures of a 
hard magnetic phase such as Nd2Fe14B and a soft magnetic 
phase such as a-Fe could potentially provide maximum en- 
ergy products, {BH)mm, in excess of 200 kJ/m3.2 In addition 
to the high values of {BH)mm that may be achieved, nano- 
composite magnets are of commercial interest because the 
costly magnetic alignment step is not required to obtain 
maximum performance and the alloys require less of the ex- 
pensive rare earth element. 

Remanence enhancement is associated with exchange 
coupling at interfaces separating nanocrystalline hard and 
soft magnetic phases, which causes the magnetization vector 
of the soft phase to be rotated toward that of the hard phase, 
thus increasing the remanent magnetization in the direction 
of initial magnetization. As a consequence, the material, al- 
though crystallographically isotropic, can exhibit remanence 
values significantly higher than the isotropic value of 0.5 of 
the  saturation  magnetization,  Ms,   for  a  material   with 

"'Electronic mail: pgm@mech.uwa.edu.au 

uniaxial magnetocrystalline anisotropy, without the necessity 
of crystallographic alignment. 

The basic concepts of exchange coupling and remanence 
enhancement date back to the studies of Meiklejohn and 
Bean. McCallum, et al.A first reported remanence enhance- 
ment in single phase nanocrystalline melt spun Nd2Fe,4B 
containing small amounts of Si and Al. The phenomenon 
was attributed to exchange coupling between ~20 nm 
Nd2Fei4B grains. Remanence enhancement in nanocrystal- 
line composites of magnetically hard and soft phases was 
first reported by Coehoorn and co-workers.5'6 Remanence 
values of up to 0.8 Ms were measured in a melt-spun 
Nd4Fe7gB18 alloy consisting of Nd2Fe14B, Fe3B, and a-Fe. 
Ding et a/.7'8 first reported remanence enhancement in me- 
chanically alloyed two phase a-Fe/Sm2Fe17N26 alloys con- 
taining 5-11 at % Sm. The as-milled structures consisted of 
two phase mixtures of a-Fe and an amorphous phase. Crys- 
tallization at temperatures above 773 K resulted in two phase 
a-Fe/Sm2Fe17 mixtures which were subsequently nitrided at 
673 K to form a-Fe/Sm2Fe17N26. The crystallite size was 
— 15-20 nm in samples heat treated at 873 K. Remanence 
enhancement has now been observed in a number of me- 
chanically alloyed and heat treated nanocomposite alloys. 

0021 -8979/98/83(11 )/6256/6/$15.00 6256 ' 1998 American Institute of Physics 
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Micromagnetic modeling studies have shown that the 
magnetic properties of nanocomposite magnets depend 
strongly on both the micro structure developed during pro- 
cessing and the intrinsic magnetic properties of the indi- 
vidual phases.9"12 Of particular importance, the grain size of 
the soft phase should be less than the exchange length of the 
soft magnetic phase.11 The calculations of Fischer et al.n 

predict that Mr should increase logarithmically with increas- 
ing grain size and that the magnetic properties are degraded 
by a nonuniform microstructure. The values of Mr, Hc and 
(BH)m&% predicted by modeling studies exceed experimental 
values and it is clear that greater attention needs to be placed 
on the development of optimum microstructures and phase 
constitutions during processing to enable property improve- 
ments to be realized. In this article recent studies of 
microstructure-property relationships in mechanically al- 
loyed and heat treated rare-earth nanocomposite magnetic 
materials are reviewed. 

a-Fe 

0 10        20        30        40        50 
Milling time (hrs) 

FIG. 1. Phase changes during mechanical milling of Nd2Fe14B (Ref. 19). 

II. STRUCTURAL EVOLUTION DURING MECHANICAL 
ALLOYING 

Mechanical alloying and the related processes of me- 
chanical milling and mechanochemical processing have been 
applied to the synthesis of a wide range of amorphous and 
nanocrystalline materials.13 The application of mechanical 
alloying to the synthesis of magnetic materials was first re- 
ported by Schultz and co-workers in 198714 and subse- 
quently has been applied to a wide range of rare-earth per- 
manent magnet alloys.15 

The metastable nanocrystalline and/or amorphous struc- 
tures which are inherently obtained in mechanically alloyed 
powder are developed from the repeated processes of defor- 
mation and fracture which accompany ball/powder collision 
events. Plastic deformation of the powder particles initially 
occurs by the development of shear bands. When sufficiently 
high dislocation densities are reached the shear bands de- 
compose into sub-grains separated by low-angle grain 
boundaries. With further milling the sub-grain size is re- 
duced and the sub-grains become randomly oriented and 
separated by high angle boundaries. The large surface energy 
of the nanocrystalline grains has been shown to provide the 
driving force for a crystalline—»amorphous phase 
transition.16 The rate of diffusion is also important as the 
diffusion coefficients may be increased by the deformation 
induced defect density and high local collision temperatures. 
In many systems the final structure reflects the competition 
between deformation induced disorder and diffusion limited 
recovery processes and is independent of whether the starting 
material is pre-alloyed or a mixture of elemental powders. 

The as-milled structures of a wide range of rare-earth 
permanent magnet alloys are characterized by nanoscale 
mixtures of crystalline and amorphous phases.15 For ex- 
ample, both mechanically alloyed and mechanically milled 
FeNdB alloys consist of a mixture of nanocrystalline a-Fe 
and amorphous NdFe phases.14'17 Mechanical milling of the 
Nd2Fei4B phase has been shown to result in disproportion- 
ation into a mixture of a-Fe and amorphous NdFe.17 The 
same final phases are formed regardless of whether the start- 
ing material has been pre-alloyed.17'18 

Microstructure evolution in single phase Nd2Fe14B and 
two phase a-Fe/Nd2Fe14B composites during mechanical 
milling has been studied in detail using x-ray diffraction, 
Mössbauer spectroscopy, and transmission election micros- 
copy (TEM) measurements.19 Figure 1 shows the effect of 
milling time on the volume fraction of the phases present in 
initially single phase Nd2Fe14B. The phase compositions 
were determined from Mössbauer measurements.19 In the 
early stage of milling, the fraction of the amorphous phase 
increased rapidly at the expense of the Nd2Fe14B phase. Af- 
ter milling for 12 h the microstructure consisted of —80% 
amorphous phase and —20% Nd2Fe14B. For longer milling 
times the a-Fe phase began to form, while the fraction of 
amorphous phase remained approximately constant. For 
milling times exceeding 40 h the fraction of a-Fe reached a 
constant value of nearly 0.20. A small fraction of Nd2Fe14B 
was still present after milling for 80 h. Miao and 
co-workers19 suggested that the a-Fe phase forms from the 
amorphous phase, thus giving a two-stage reaction 
Nd2Fe14B—>al—>a-Fe+a2, where al and al refer to the 
two amorphous phases. A similar two-stage process has also 
been observed in two phase a-Fe/Nd2Fe14B composites.20 

In Sm-Co alloys a single amorphous phase is formed 
during mechanical alloying.21'22 The partial substitution of 
Fe for Co leads to a mixture of a Sm-Co-Fe amorphous 
phase and nanocrystalline a-(Fe-Co) in milled samples.23 As 
shown in Fig. 2, the formation of a-(Fe-Co) was observed 
when the Fe content exceeded the Sm concentration. A 
bright field TEM image and selected area diffraction pattern 
of an as-milled Sm9 2Co49 8Fe40 particle are shown in Fig. 3. 
The distinct diffraction rings are associated with the a-(Fe- 
Co) phase. The broad diffuse rings which are also evident are 
consistent with the presence of an amorphous Sm-Co-Fe 
phase. 

III. EFFECT OF HEAT TREATMENT 

In all rare earth-transition metal magnetic alloys studied 
to date the as-milled structure is magnetically soft and a 
post-milling heat treatment must be carried out to form the 
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FIG. 2. X-ray diffraction patterns showing effect of Fe content, x, on the 
phases present in as-milled Sm|05Co895_JFe^ (Ref. 33). 

hard magnetic phase and thus obtain hard magnetic proper- 
ties. The crystallization temperature in NdFeB alloys has 
been shown to be a function of the Fe content, increasing 
from 550 °C to over 600 °C as the equilibrium volume frac- 
tion of a-Fe increased from 15% to 75%.20 A two stage 
crystallization process has been observed to occur in both 
NdFeB (Ref. 18) and SmCoFe alloys.2324 With NdFeB al- 
loys the first stage involves the crystallization of the amor- 
phous phase with no change in the volume fraction of a-Fe 
as shown in Fig. 4. No solid state reaction occurred between 
the amorphous and a-Fe phases during the first stage of crys- 

0 

/ Nd2Fe14B 

a-Fe 
 A 

y paramagnetic 
i i i \ i i i i ^ i i i i 

As       450     500     550     600     650     700 
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FIG. 4. Phase changes accompanying crystallization in Nd10Fe84B6 (Ref. 
18). 

tallization. At higher temperatures a decrease in the fraction 
of a-Fe accompanied further crystallization of Nd2Fe14B. 
The temperatures required for complete crystallization of the 
Nd2Fe14B phase are sufficiently high for grain growth of the 
a-Fe phase to occur. Minimum grain sizes of 20 nm have 
been reported for crystallized a-Fe/Nd2Fe14B nanocompos- 
ite structures, as compared to 5-10 nm in the as-milled 
powders.20 

Similar observations have been reported for SmFeCo 
alloys.21"24 On annealing, the amorphous phase formed dur- 
ing milling initially crystallized to a metastable intermetallic 
phase or a mixture of intermetallics having the same compo- 
sition as the amorphous phase. As with a-Fe/Nd2Fe]4B, no 
solid state reaction occurred between the amorphous phase 
and the nanocrystalline a-(Fe-Co) phase during crystalliza- 
tion. The initial crystallization reaction occurred between 
430 and 530 °C, with the crystallization temperature decreas- 
ing with increasing Sm and Fe content of the amorphous 
phase. A solid state reaction occurs at higher temperatures 
between the initially crystallized phase and a-(Fe-Co) to 
form the equilibrium 2-17 phase. It has been found that the 
intermetallic phase initially crystallized in 
Sm10 5Co49 5Fe40[Sm(Co,Fe)7] has better magnetic properties 
that formed by solid state reaction at higher temperatures. 
Since the structure of the initial intermetallic phase is deter- 
mined by the composition of the amorphous phase, it is clear 
that control of the as-milled structure is vital for producing a 
particular combination of soft and hard phases. 

FIG. 3. TEM micrograph of as-milled Sm9 |Co498Fe40 particle (Ref. 22). 

IV. MAGNETIC PROPERTIES OF NANOCOMPOSITE 
MAGNETS 

The magnetic properties of nanocomposite magnets 
characteristically exhibit high values of remanent magnetiza- 
tion and reversible susceptibility. Figure 5 compares the 
magnetization curves and recoil loops for mechanically al- 
loyed single phase Sm2Fe14Ga3C2 and exchange coupled 
Sm2Fel4Ga3C2+40% a-Fe samples, respectively.25 As 
shown in Fig. 5, the single phase material exhibits a rema- 
nent magnetization equal to 0.5 Ms and relatively flat recoil 
loops associated with a low reversible component of the total 
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FIG.  5.   Magnetization curves  and recoil loops for:  (a)  single phase 
Sm2Fe14Ga3C2 and (b) a-Fe/Sm2Fe14Ga3C2 nanocomposite (Ref. 25). 

graphic coherence across the interface between hard and soft 
phases was a necessary condition for exchange coupling and 
hence remanence enhancement. High resolution TEM studies 
on nanostructured materials indicate that, while the inter- 
faces take on low energy, highly ordered configurations, 
there is no crystallographic coherence across interface 
boundaries.26'27 Exchange coupled behavior has been ob- 
served in mechanically milled Nd2Fe14B which consisted of 
a nanocomposite mixture of Nd2Fe14B and an amorphous 
phase.19 Similar behavior has also been reported in 
Sm2Fe17N3, partially disproportionated by mechanical mill- 
ing to contain a mixture of an amorphous phase and 
Sm2Fe17N3.28 

Since crystallographic coherence does not exist between 
the hard and soft phases in these materials, coherence cannot 
be a necessary condition for exchange coupling and rema- 
nence enhancement in nanocomposite magnets. Indeed, sig- 
nificant remanence enhancement has been reported in the 
melt-spun Nd2Fe14B/a-Fe system containing an amorphous 
intergranular phase.29 Exchange effects between metallic 
hard and soft magnetic phase components rely on the distrib- 
uted nature of the electrons involved in cooperative behavior. 
The range of interaction of collective electrons is of the order 
of a few interatomic distances. In these circumstances ex- 
change coupling between grains is not critically dependent 
on crystallographic coherence. 

magnetization. In comparison, the two phase material exhib- 
its a higher remanent magnetization (Mr~0.65Ms) and a 
lower coercivity. The recoil curves exhibit large reversible 
magnetization. 

The high reversible magnetization of exchange coupled 
nanocomposites is associated with the rotation of the mag- 
netic moments within soft phase grains towards the direction 
of easy magnetization in neighboring hard grains to which 
they are exchange coupled. It is important to note that the 
reversible magnetization changes in the two phase material 
occur at fields significantly higher than the coercivity of the 
uncoupled soft phase. This behavior is a clear indication of 
exchange coupling between nanosized grains of hard and 
soft phases. Without such exchange coupling irreversible 
magnetization reversal of the soft phase (a-Fe) would occur 
at fields of a few Oe, resulting in a reduced remanence and a 
step in the magnetization curve. The reversible magnetiza- 
tion of the two phase sample is associated almost entirely 
with the soft phase. Feutrill, McCormick and Street25 have 
shown that the reversible magnetization in the nanocompos- 
ite is limited by the onset of reversal of the hard phase. It is 
also noted in Fig. 5 that the irreversible relaxation observed 
at the start of the recoil loops (magnetic viscosity) is signifi- 
cantly reduced in the two phase material as compared with 
the single phase material. It has been shown that the time 
dependent magnetic viscosity behavior in exchange coupled 
magnets is associated with time dependent reversal of the 
hard phase.25 

The nature of the interface between the hard and soft 
phases in exchange coupled nanocomposites is not well un- 
derstood.  Kneller and Hawig1  determined that crystallo- 

V. FACTORS LIMITING MAGNETIC PROPERTIES 

The main factors limiting the performance of mechani- 
cally alloyed nanocomposite magnets are microstructure re- 
lated. The values of a maximum energy product obtained to 
date are limited by low coercivity, and it is clear that increas- 
ing Hc will rely on optimizing the microstructure. In particu- 
lar, the average grain size and grain size distribution are 
important parameters determining the magnetic properties. 
The values of Mr, MrIMs, and Hc all decrease with in- 
creasing grain size. A number of studies have now shown 
that the grain size in mechanically alloyed and heat treated 
nanocomposites exhibiting optimum magnetic properties is 
typically —20 nm, which is larger than the optimum grain 
size of —10 nm predicted by modeling studies.1'2'9 

As discussed previously, the minimum grain size that 
can be achieved in mechanically alloyed nanocomposites is 
limited by the heat treatment conditions employed in the 
crystallization of the hard magnetic phase. Figures 6 and 7 
illustrate the effect of heat treatment time on grain growth 
and magnetic properties in mechanically alloyed 
Sm10 5C049 5Fe40 during crystallization at 600 °c.23'24 The 
dark field micrographs shown in Fig. 6 were obtained by 
positioning the objective aperture on the strongest diffraction 
ring for a-(Fe-Co). The diffracting grains are thus mainly 
a-(Fe-Co), although some bright Sm2(Fe,Co)7 grains are 
also present in the image due to the proximity of the (119) 
diffraction ring for the 2:7 phase with the (110) diffraction 
ring of a-(Fe-Co). In the sample heat treated for 60 min 
[Fig. 6(b)] the largest grains were identified by energy dis- 
persive spectra (EDS) to be a-(Fe-Co). Figure 7 shows the 
decrease in coercivity and MrIMs with increasing crystalli- 
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FIG. 6.   Dark field TEM micrographs of mechanically alloyed Sni|05 

Co495Fe40 sample heat treated at 600 °C for: (a) 10 min, (b) 60 min (Ref. 
23).'" 

zation time. As would be expected, the theoretical density 
values of (BH)max decreased significantly with increasing 
time, from 129 kJ/m3 for samples crystallized for 5 min to 77 
kJ/m3 for 150 min.24 

In Nd2Fel4B/a-Fe and SmFeCo nanocomposites crystal- 
lization occurs at temperatures of 550-600 °C and 430- 
530 °C, respectively, and grain growth of the soft phase oc- 
curs during crystallization. It is clear that to achieve smaller 
grain sizes it is necessary to reduce grain growth of the soft 
phase during crystallization. In alloys where a solid state 
reaction between the amorphous and nanocrystalline phases 
is required for crystallization of the hard phase, some grain 
growth of the soft phase is inevitable. Attempts to reduce 
grain growth of the soft phase through the addition of grain 
growth inhibitors such as Si, Ta, and Nb have met with 
mixed success.30'31 

The effect of volume fraction of the soft phase in me- 
chanically alloyed nanocomposites has been studied 
in   the   Nd2Fe14B/a-Fe,   Sm2Fe17C3/a-Fe,   and   SmFeCo 
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FIG. 7. Effect of crystallization time on coercivity and reduced remanence 
in Sm]0 ,Co4I)5Fe40 heat treated at 600 °C (Ref. 23). 

8 0C\ T) T) ~\Ti 
systems. ' ' " '" Increasing the fraction of the soft phase 
increases the remnence but decreases the coercivity, consis- 
tent with the results of modeling studies.9 

The uniformity of the microstructure, in particular the 
distribution of hard and soft grains and the grain size distri- 
bution, is also important in determining magnetic properties. 
If clusters of soft grains are present, exchange coupling will 
be diminished even if the grain size is small. As a conse- 
quence, nonuniform microstructures cause a decrease in both 
remanence and coercivity." The higher values of M,. and Hc 

observed in mechanically milled Nd2Fe14B/a-Fe nanocom- 
posites, as compared to mechanically alloyed powders of the 
same nominal composition, have been attributed to the finer 
and more uniform microstructures obtained in the mechani- 
cally milled samples.18 The clustering of a-Fe grains in hot 
pressed Nd2Fe14B/a-Fe nanocomposites has also been 
reported.3' 

A further factor limiting the performance of mechani- 
cally alloyed nanocomposite magnets is the difficulty of 
achieving high densities after consolidation. The magnetic 
properties reported in most studies to date are calculated 
from experimental measurements assuming samples are 
100% dense. Mechanically alloyed powders exhibit low as- 
pressed densities in comparison to melt spun materials. The 
as-pressed density of mechanically alloyed powders is gen- 
erally limited to about 50% of the theoretical density due to 
the irregular surface morphology of the particles. Density 
increases up to ~70% may be achieved during heat treat- 
ment. However, higher densities can only be obtained by 
sintering at higher temperatures, resulting in significant grain 
growth and a loss of exchange coupled behavior. Alterna- 
tively, high densities may be achieved by hot pressing with 
minimal grain coarsening, provided closely controlled pro- 
cessing conditions are used.31 

VI. CONCLUSIONS 

Mechanical alloying has been shown to be a promising 
method for the production of nanocomposite magnets. The 
nanocrystalline grain structure inherently developed by mill- 
ing and heat treatment is essential for effective exchange 
coupling and remanence enhancement, enabling high values 
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of (ß//)max to be obtained. Heat treatment of the as-milled 
structure is required to form hard magnetic phases. The for- 
mation of novel metastable hard phases during heat treat- 
ment may provide the basis of new nanocomposite phase 
mixtures with improved magnetic properties. Recent studies 
have shown that grain growth accompanying crystallization 
of the hard magnetic phase and the formation of nonuniform 
grain structures are important factors which currently limit 
the magnetic properties of mechanically alloyed nanocom- 
posites. 
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Micromagnetic simulation of magnetizability of nanocomposite 
Nd-Fe-B magnets 
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A-1040 Vienna, Austria 

Micromagnetic finite element calculations clearly show that the magnetizability of nanocomposite 
Nd2Fe)4B magnets improves with increasing a-Fe content. The magnetization curves show a steep 
increase at the domain propagation field in dc demagnetized samples. Thermally demagnetized 
states store a higher amount of exchange energy, leading to an increase of the initial susceptibility. 
An applied field of 960 kA/m leads to a saturation of 85% for a two-phase a-Fe/Nd2Fe14B magnet, 
whereas the Fe3B/Nd2Fe14B magnet and the single-phase Nd2Fe14B magnets reach a saturation of 
only 70% and 50%, respectively. The improved saturation behavior of two-phase a-Fe/Nd2Fe14B 
magnets has to be attributed to the exchange field which is provided by a-Fe grains that are already 
oriented parallel to the field direction. Hard magnetic grains that remain oppositely magnetized after 
applying the maximum magnetizing field deteriorate the coercive squareness in single-phase 
Nd2Fe14B magnets and two-phase Fe3B/Nd2Fe14B magnets. © 1998 American Institute of Physics. 
[S0021-8979(98)30711-2] 

I. INTRODUCTION 

Exchange-spring permanent magnets have become a 
topic of recent research in permanent magnets.1-4 A mixture 
of a magnetically hard and soft phases reduces the overall 
rare-earth content, while preserving good hard magnetic 
properties.5'6 In addition to the cost reduction, the improved 
magnetizability of nanocomposite Nd2Fe14B magnets is a 
major advantage as compared to conventional bonded 
magnets.7 Panchananthan8 compared the saturation behavior 
of single phase Nd2Fe14B, two phase Fe3B/Nd2Fe14B, and 
two-phase a-Fe/Nd2Fe14B magnets. The magnetization field 
of 800-960 kA/m leads to a saturation of 55%-60% for a 
standard, single phase Nd2Fe14B powder. The 
a-Fe/Nd2Fei4B composites show a saturation of about 80% 
with a field of only 960 kA/m, while the corresponding 
bonded magnet reaches a coercive field of 320 kA/m. Rave 
and co-workers9 investigated the effect of different initial 
states on the initial magnetization curve of nanocrystalline 
permanent magnets. They reported a higher susceptibility in 
thermally demagnetized samples than in dc demagnetized 
samples. This susceptibility difference was qualitatively re- 
produced by two-dimensional micromagnetic simulations as- 
suming a brick wall model to represent the grain structure. 

This work presents three-dimensional micromagnetic 
calculations of magnetizability and coercivity of 
a-Fe/Nd2Fei4B and Fe3B/Nd2Fe14B two-phase magnets. The 
magnetic properties of single phase Nd2Fe14B magnets are 
calculated as reference. The use of the finite element method 
allows modeling of realistic microstructures. 

II. MICROMAGNETIC SIMULATION  OF 
DEMAGNETIZED STATES 

The theoretical description of magnetization processes in 
ferromagnetic materials starts from the total magnetic Gibb's 
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free energy. Its minimization provides a stable equilibrium 
state of a ferromagnetic structure. The actual path of the 
magnetization towards a local minimum can be computed by 
the time integration of the Gilbert equation of motion. The 
transient states show how reversed domains nucleate and 
propagate.10 In order to reduce the required computation 
time, a conjugate gradient method is used to minimize the 
energy in the present study. Details of the finite element 
algorithm are described Ref. 6. The cubic model magnet with 
an edge length of 80 nm consists of 125 polyhedral grains 
generated from grain growth simulation using Voronoi cells. 
The average grain diameter is 20 nm. The different phases 
and the anisotropy directions are randomly assigned to the 
grains. The composite magnet contains 40 vol % Nd2Fe14B 
and either a-Fe or Fe3B as soft magnetic phase. Table I gives 
the intrinsic material parameters""13 used for the calcula- 
tions. 

The magnetization distribution with the lowest energy 
represents a thermally demagnetized state. The magnetocrys- 
talline anisotropy energy is the dominating energy term in 
Nd2Fe14B magnets. To minimize the energy, the magnetiza- 
tion within the hard magnetic grains must be parallel to the 
anisotropy directions. The requirement to minimize the mag- 
netostatic energy determines the orientation of the magneti- 
zation along the easy axes. Thus, an approximation of a ther- 
mally demagnetized state can be obtained from simulated 
annealing14 to minimize the magnetostatic energy followed 
by the calculation of equilibrium states for increasing ex- 
change constant. Indeed the total energy of the thermally 
demagnetized state calculated by the above procedure is 
about 5% smaller than the total energy of an equilibrium 
state with grains initialized randomly along their easy axes. 
This procedure to calculate the thermally demagnetized state 
adopts the zero exchange formulation of micromagnetics as 
outlined by DeSimone.15 The minimization of the total en- 
ergy leads to a dc demagnetized state assuming an initial 
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TABLE I. Intrinsic magnetic properties used for the calculations. The col- 
umns give the spontaneous magnetic polarization JS(T), the anisotropy con- 
stants Kj and K2 (MJ/m3), and the exchange constant A (pJ/m). 

Nd,FeuB Hn 

Fe3B 
a-Fe 

Js *i K2 A Reference 

1.61 4.5 0.66 12.5 11 
1.62 -0.32 12.5 12 
2.15 0.046 0.015 25 13 

magnetization antiparallel to each other in two halves of the 
cube. The net magnetization of the calculated demagnetized 
states is not exactly zero, owing to the limited number of 
grains. 

III. RESULTS AND DISCUSSION 

Figure 1 compares the magnetization curves starting 
from the thermally demagnetized and dc demagnetized 
states. The solid, dotted, and dashed lines refer to the 
a-Fe/Nd2Fe14B, the Fe3B/Nd2Fe14B, and the single-phase 
Nd2Fei4B magnets. The magnetization curve of the dc de- 
magnetized Nd2Fe14B magnet clearly shows three different 
regimes. At low external fields the magnetization rotates re- 
versibly towards the direction of the applied field within the 
grains originally magnetized oblique to the field direction. At 
an external field of about 1000 kA/m the region with upward 
magnetization starts to expand through the entire magnet 
leading to a steep increase of the dc magnetization curve at 
1340 kA/m. At external fields greater than 1400 kA/m the 
upward magnetization has completely swept through the 
magnet, and reversible rotations are the only process to in- 
crease the magnetization. The thermally demagnetized state 
stores a higher amount of exchange energy than the dc de- 
magnetized state, which can be released upon saturation. 
Only a small external field is required to initiate the irrevers- 
ible switching of entire grains in the thermally demagnetized 
Nd2Fe14B magnet, leading to a higher initial susceptibility. 

The soft magnetic grains of the two-phase 
a-Fe/Nd2Fe14B or Fe3B/Nd2Fe14B magnet become oriented 
parallel to the field direction at low applied fields. Their ex- 
change field helps to reverse neighboring hard magnetic 
grains. The comparison of the dc magnetization curves of 
Fig. 1 shows that the external field required to expand the 
upward domain through the hard magnetic grains decreases 
to 750 kA/m as 60% of the hard magnetic phase is replaced 
by Fe3B, and to 540 kA/m as Fe3B is substituted by a-Fe. 
Figure 2 shows the magnetization process of a two-phase 
a-Fe/Nd2Fe14B magnet starting from a dc demagnetized 
state. The plane where the magnetization component parallel 
to the field direction becomes zero indicates the position of 
the domain wall. The solid line denotes the trace of this 
plane on the surface of the cubic magnet. In nanocrystalline 
permanent magnets the competitive effects of magnetöcrys- 
talline anisotropy and intergrain exchange interactions lead 
to a strongly inhomogeneous magnetization distribution.6 

Whereas the magnetization remains parallel to the easy axes 
in the center of the grains, it deviates from the local easy axis 
in the vicinity of the grain boundaries. As a consequence, the 
two regions originally oppositely magnetized are not sepa- 
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FIG. 1. Calculated magnetization curves starting from a dc-demagnetized 
state (top) and a thermally demagnetized state (bottom). The solid, dotted, 
and the dashed lines refer to the a-Fe/Nd2Fe14B, the Fe3B/Nd2Fe14B and the 
single-phase Nd2Fe14B magnet, respectively. The circles indicate the mag- 
netic states plotted in Fig. 3. 

rated by a well-defined domain wall. On both sides of the 
border between the oppositely magnetized regions, the direc- 
tion of the magnetization varies on a length scale comparable 
with the domain wall width. Thus the transition structure is 
far more complex than in a classical Bloch wall, where the 
magnetization changes only in the direction perpendicular to 
the wall. The plot on the left-hand side of Fig. 2 gives the 
position of the wall for zero applied field. As the external 
field is increased, the wall bends around Nd2Fe14B grains 
following their boundaries. However, the wall may go 
through a-Fe grains. The plot on the right-hand side of Fig. 

340 kA/m_ 

NdoFe 

FIG. 2. Domain wall propagation in the dc demagnetized <*-Fe/Nd2Fe14B 
magnet. The solid line gives the trace of the plane where the component of 
the magnetization parallel to the direction of the applied field becomes zero. 
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FIG. 3. Magnetization distribution during saturation of the thermally de- 
magnetized a-Fe/Nd2Fe14B and Fe3B/Nd2Fe,4B magnet. The magnetization 
is projected onto a plane parallel to the field direction for a applied field of 
390 kA/m. The field is applied parallel to the vector from point b to point c. 

2 depicts the trace of the wall for an applied field of 340 
kA/m, showing the deflection of the wall around the hard 
magnetic grains. 

The comparison of the magnetization curves of Fig. 1 
clearly shows that the magnetizability increases with increas- 
ing a-Fe content. In the thermally demagnetized samples, an 
applied field of 960 kA/m leads to 85% saturation for a two- 
phase a-Fe/Nd2Fe14B magnet and to 70% saturation for the 
Fe3B/Nd2Fe14B magnet. For the same applied field, the 
single phase magnet reaches a saturation of only 50%. The 
very same mechanism which causes the decrease of the do- 
main propagation field in the dc demagnetized samples with 
increasing a-Fe content improves the saturation behavior of 
thermally demagnetized, two-phase magnets. The magnetiza- 
tion of the Fe3B and a-Fe grains becomes oriented along the 
saturation direction at an applied field of 400 kA/m. The 
exchange field provided by the saturated soft magnetic grains 
facilitates the alignment of neighboring hard magnetic 
grains. Figure 3 gives the magnetization distribution in a 
slice plane parallel to the field direction. Fe3B grains require 
a larger applied field to become aligned parallel to the field 
direction than a-Fe grains. Neighboring hard and soft mag- 
net grains already saturated at an applied field of 390 kA/m 
in the a-Fe/Nd2FeI4B magnet remain reversed in the 
Fe3B/Nd2Fe14B magnet. 

Figure 4 presents the calculated demagnetization curves 
as a function of the saturation field. Hard magnetic grains 

1.5 

p 1.0 

0.5 

0.0 

p1.0 

0.5  - 

0.0 

;    <x-Fe/Nd2FeHB -z=^ - 

- - 
/ /        ) . 
f / /          / . 
\\ /           / - 

. I •' / . 
- ■' t 

I - 

" ,   i   ,   ,   ,   i / 

I 

I 

A  ,  ,  i  ,  ,  ,  i 
: 

- 
Fe3B/Nd2Fe14B   1120 kA/m 

   960 kA/m 
 800 kA/m - 

- 
s  s    f 

- 

- / ■i        ) - 
- / '')      f - 
■ /     .■'/ - 
- (      ■'' i   ,   ,   ,   il , /,, ./ I   .   . - 

-800      -400 0 400        800       1200 
H.x,(kA/m) 

FIG. 4. Influence of the applied field on the loop shape and the coercive 
field for a-Fe/Nd2Fe14B and Fe3B/Nd2Fe14B magnets. The demagnetization 
curves were calculated after saturation with an applied field of 800, 960, and 
1120 kA/m. 

that remain oppositely magnetized deteriorate coercivity and 
remanence in Fe3B/Nd2Fe14B magnets for a saturation field 
lower than 1000 kA/m. Two phase a-Fe/Nd2Fe14B magnets 
show square hysteresis loops. The calculated values for the 
coercive field and the remanence are 340 kA/m and 1.2 T for 
a saturation field of 960 kA/m. 
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Thick Fe3B/Nd2Fe14B nanocomposite permanent magnet flakes prepared 
by slow quenching 
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Research and Development Division, Sumitomo Special Metals Co., Ltd., 2-15-17 Egawa, Shimamoto-cho, 
Mishima-gun, Osaka 618, Japan 

Thick permanent magnet flakes of Fe3B/Nd2Fe14B nanocomposites have been prepared directly 
from molten alloys by means of the low surface-velocity melt-spinning technique under a vacuum. 
Dependence of microstructure and magnetic properties of Nd4Fe775B185 rapidly solidified alloys 
have been studied as functions of pressure of a melt-spinner chamber and the surface velocity of a 
Cu roll. An as-spun alloy of Nd3 5Dy1Fe73Co3Ga1B185 obtained at a V, = 3.3 m/s under a 1.3 kPa Ar 
atmosphere has a thickness of 240 /xm and the room temperature magnetic properties of 
(fi#)max=131.6 kJ/m3, B= 1.15 T, and ffcJ=400 kA/m. © 7995 American Institute of Physics. 
[S0021-8979(98) 15611-6] 

I. INTRODUCTION 

Nanocomposite permanent magnet materials consisting 
of tetragonal Fe3B and Nd2Fe14B have been attracting much 
interest since they were reported by Coehoom in 1988.' The 
hard magnetic properties of these alloys have been signifi- 
cantly improved by the present authors by means of modifi- 
cations of composition,2'3 adding a practical importance on 
these materials as new candidates for hard magnetic ingredi- 
ents of resin-bonded permanent magnets. 

These materials are produced from amorphous alloys 
prepared by a single-roll melt-spinning technique and a sub- 
sequent heat treatment procedure, in which the amorphous 
alloys crystallize into a nanocomposite composed of the 
metastable Fe3B and the hard magnetic Nd2Fe14B phases 
with a minor amount of a-Fe.1 

Although it has been known that Nd2Fe14B melt-spun 
materials show good hard magnetic properties in the as-spun 
state,4 the effort to obtain the hard magnetic Fe3B/Nd2Fe14B 
as-spun alloys has been unsuccessful. However, to make a 
conclusive verdict, the effects of quenching conditions on the 
rapidly solidified alloys have not been thoroughly investi- 
gated in the vicinity of the Fe3B/Nd2Fel4B nanocomposite 
compositions. 

This article reports the effects of melt-spinning condi- 
tions, particularly the pressure of the chamber atmosphere of 
a melt spinner and the surface velocity of a Cu roll during 
melt spinning, on the microstructure and hard magnetic prop- 
erties of as-spun alloys. The Fe3B/Nd2Fe14B nanocomposites 
have been obtained in the as-quenched alloys for the first 
time by reducing the chamber pressure down to a practically 
vacuum regime and the roll surface velocity to a range be- 
tween 3 and 5 m/s. The hard magnetic materials thus ob- 
tained are thick flakes. They may be processed either into 
crushed powder for fabrication of resin-bonded magnets or 
directly into thin platelet permanent magnets simply by cut- 
ting or machining. 

"Electronic mail: hirosawa.s@ssmc.co.jp 

II. EXPERIMENTAL PROCEDURES 

Alloys of compositions of Nd4Fe775B185 and 
Nd35Dy]Fe73Co3Ga1B185 were prepared by the single role 
melt-spinning technique under an Ar pressure (P) ranging 
from 1.3 to 95 kPa. About 30 g of alloys were taken from 
premelted large ingots and remelted in a quartz crucible. Im- 
mediately after the temperature of the molten alloys reached 
approximately 1300 °C, they were injected through an orifice 
of a diameter of 0.8 mm cut at the bottom of the crucible. 
The injection pressure was kept to be a constant value of 30 
kPa relative to the chamber pressure. The quenching roll was 
made of Cu and rotated at a surface velocity (Vs) in a range 
between 2 and 30 m/s. 

The rapidly solidified alloys were investigated using dif- 
ferential thermal analysis (DTA) and powder x-ray diffrac- 
tion (XRD) analysis using the Cu Ka radiation. The surfaces 
of rapidly solidified alloys were investigated by scanning 
electron microscopy (SEM). Magnetic properties of the ma- 
terials were measured at room temperature along the widest 
surface of flake-shaped specimens using a vibrating sample 
magnetometer (VSM). 

III. EXPERIMENTAL RESULTS 

When Vs is 5 m/s, which is extremely slow compared to 
conventional conditions used for Nd-Fe-B melt-spun hard 
magnets (Vs is typically 20 m/s), rapidly solidified 
Nd4Fe775B185 alloys are obtained as crystalline. For a cham- 
ber pressure (P) of 75 kPa, the condition used for our pre- 
vious studies, the existence of a-Fe in the alloy is readily 
confirmed by XRD as shown in Fig. 1. This alloy has an 
intrinsic coercivity of approximately 20 kA/m, which is neg- 
ligible as a hard magnet. When P is reduced to 1.3 kPa, the 
Fe3B/Nd2Fe14B composite structure is realized in the as-spun 
alloy for the same Vs (Fig. 1). The diffraction peaks are 
relatively broad, indicating that the material consists of 
nanometer-sized crystallites. 

Observations of the surface morphology of the flakes by 
SEM reveal that the flakes obtained under a chamber pres- 
sure close to atmospheric pressure have shallow dimples of 
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FIG. 1. Comparison of x-ray diffraction patterns of Nd4Fe775B|85 as-spun 
alloys under different chamber pressures of 75 and 1.3 kPa Ar on a Cu-roll 
surface moving at Vs = 5 m/s. 
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FIG. 3. Dependence of thickness on roll surface velocity for Nd4Fe775B|85 

as-spun alloys obtained under an Ar pressure of 1.3 kPa. The width of the 
ribbons are in a range between 0.7 and 1.2 mm. 

an approximate diameter of 200 /am on the surface which 
had contact with the quenching roll ("the roll-side surface" 
as opposed to the free surface). These are gas pockets created 
when a strand of the molten alloy had contact with the sur- 
face of the quenching roll. On the other hand, the roll-side 
surfaces are smooth and optically flat when the chamber 
pressure is lower than 30 kPa. It has been observed that, for 
these reduced chamber pressures, the quenched alloy is a 
continuous ribbon or a thin plate. 

Figure 2 shows powder XRD patterns of the as-spun 
Nd4Fe77 5B185 alloys for a chamber pressure of 1.3 kPa, 
showing the effects of Vs on the microstructure. For Vs 

= 20 m/s, an amorphous material is obtained in an agreement 
with the previous studies. With decreasing Vs, diffraction 
peaks from Fe3B and Nd2Fe14B gradually develop, indicating 
development of the nanocomposite structure. The depen- 
dence of the thickness  on  Vs  of the rapidly  solidified 

Nd4Fe775B185 ribbons obtained with P= 1.3 kPa is shown in 
Fig. 3. Ribbon widths were in the range between 0.7 and 1.2 
mm with the inverse dependence on Vs. 

The dependence of magnetic properties of the rapidly 
solidified Nd4Fe775Bi85 alloys on Vs is shown in Fig. 4. 
Except for the magnetization measured under an external 
field of 1.2 T (7j 2), the intrinsic coercivity, remanence (Br), 
and maximum energy product [(#//) max] show strong de- 
pendencies on Vs. The optimum hard magnetic properties 
have been obtained with Vs = 5 m/s. 

Demagnetization curves of rapidly solidified 
Nd4Fe775B185 and Nd35DyIFe73Co3Ga1B185 alloys are 
shown in Fig. 5. The optimal Vs value depends on alloy 
concentration. The optimal Vs for the latter alloy is 3.3 m/s 
and the thickness is 240 /am. The optimal magnetic proper- 
ties are (ßH)max= 118.1 kJ/m3, //c,=276 kA/m, and Br 

= 1.25T   for   Nd4Fe775B185   and   (ß//)max=131.6kJ/m3, 
7/cJ=400kA/m, 
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FIG. 2. X-ray diffraction patterns of Nd4Fe775B185 as-spun alloys obtained 
under an Ar pressure of 1.3 kPa on a Cu-roll surface moving at different 
velocities. 
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FIG. 5. Demagnetization curves of as-spun Nd4Fe775B185 and 
Nd35Dy1Fe73Co3Ga1B185 obtained under an 1.3 kPa Ar atmosphere on Cu- 
roll surface moving at Vs = 5 and 3.3 m/s, respectively. 

Nd35Dy1Fe73Co3Ga1B185. These values are equivalent to 
those obtained previously on alloys crystallized from amor- 
phous precursors.2 These materials are magnetically isotro- 
pic. 

IV. DISCUSSION 

In this investigation, it has been clearly demonstrated 
that the chamber pressure during the melt-spinning proce- 
dure has a pronounced effect on microstructure and magnetic 
properties of as-spun alloys of the Fe3B/Nd2Fe14B nanocom- 
posite compositions. The presence of gas pockets observed 
on the roll-side surface of flakes obtained under a near atmo- 
spheric chamber pressure would significantly retard heat 
flow from the molten alloy to the surface of the quenching 
roll, causing large differences of cooling rates throughout the 
alloy flakes during solidification. Without the formation of 
gas pockets in the near vacuum atmosphere, uniform cooling 
must have been realized. As a result, an unequivocal depen- 
dence of microstructure and magnetic properties of these al- 
loys on Vs has been observed, showing the existence of a 
window in which as-spun hard magnet materials of the 
Fe3B/Nd2Fe14B nanocomposite structure can be obtained. 

In the Nd-Fe-B system, other types of nanocomposites 
consisting of a-Fe and Nd2Fe14B are possible in the Fe-rich 
composition regime. It has been reported that these nano- 
composites are obtainable either directly by a melt-spinning 
technique or via heat treatment of amorphous precursors,5'6 

which is not surprising because both a-Fe and Nd2Fe14B are 
in equilibrium for compositions of the alloys. In contrast, the 
Fe3B/Nd2Fe14B nanocomposites are believed to be meta- 
stable because they decompose into a stable mixture of a-Fe 
and NdL1Fe4B4 when annealed at a temperature above ap- 
proximately 800 °C.7 Therefore, the formation of a meta- 
stable composite structure in this type of alloy is not trivial. 
The possibility of Fe3B being a high temperature equilibrium 
phase above 1160 °C was pointed out by Kahn et al.8 There- 
fore, Fe3B may have been formed in the alloy at a high 

temperature to consume a substantial amount of boron to 
allow the formation of Nd2Fe14B at a lower temperature in 
the boron-depleted, neodymium-rich region of the alloy. In 
the present investigation, however, the as-quenched micro- 
structure changed gradually from an amorphous to a 
Fe3B/Nd2Fe14B nanocomposite with decreasing rotor surface 
velocity in a similar manner as the microstructure of a cor- 
responding amorphous alloy does during successive heat 
treatments.7 This observation may possibly indicate that an 
amorphous solid is formed first and subsequently decom- 
posed into Fe3B and Nd2Fe14B in the temperature range in 
which these phases are metastable when cooling rate is mod- 
erate. The elucidation of the rapid solidification behavior of 
this type of alloy is left for further investigations. 

The Fe3B/Nd2Fe14B hard magnets obtained in relatively 
slow surface velocities are continuous thick ribbons, the 
length of which may be as long as a few meters. The limi- 
tation of length occurs from a small span of a sample recov- 
ery chamber available in the experimental facility. The thick- 
ness of the materials is on the order of a few hundred 
micrometers, for which shaping of most conventional hard 
magnet materials by machining or polishing is not practical. 
Although it is known that MnAlC and FeCrCo permanent 
magnet materials can be fabricated by rolling in their manu- 
facturing process to produce plate-shaped permanent mag- 
nets, the former material has a lower saturation magnetiza- 
tion and the latter has only a small coercivity compared to 
the present materials obtained by direct quenching. There- 
fore, the thick flake magnets obtained in this investigation 
are unique and may open new application fields in which 
thin platelet permanent magnets with a high energy product 
are desired. 

V. CONCLUSION 

The Fe3B/Nd2Fe14B nanocomposite permanent magnets 
can be obtained directly from the melt via a melt-spinning 
technique by accomplishing the rapid solidification process 
under a reduced pressure of 1.3 kPa on a Cu roll moving at a 
surface velocity significantly slower than conventional melt 
spinning. Platelet permanent magnets with a thickness of 240 
/mm and magnetic properties of (5//)max=131.6kJ/m3, 
/fcJ=400 kA/m, and Br=1.15T have been obtained for 
Nd3.5Dy1Fe73Co3Ga1B16.5. 
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Analysis of magnetic behavior of exchange-enhanced SmFeCo magnets 
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A series of densified exchange-enhanced SmFeCo magnets was produced by mechanical alloying, 
followed by a heat treatment. The nanocrystalline phases and the grain size distribution of the 
samples were characterized from x-ray diffraction patterns. Magnetic measurements in terms of 
different models were analyzed for the temperature behavior of the magnetization and coercivity. 
One analytical formulation was derived from the random anisotropy model predicting that with 
increasing M,./Ms ratio a decreasing coercivity occurs. Another numerical approach, which is based 
on a micromagnetic calculation using finite element techniques was also applied. Attempts were 
made to improve the existing model derived from the finite element technique. The nucleation 
model was found to be unsatisfactory for describing the temperature-dependent coercivity. © 1998 
American Institute of Physics. [S0021-8979(98)43011-1] 

Nanocrystalline hard magnetic materials increasingly 
form an important area for research on magnetic materials. 
This development started with the study of low rare earth 
containing materials like melt-spun Nd4Fe78B18 by Coehoorn 
etal. in 1988.l Independently, in 1987 Keem et al reported 
a remanence enhancement in isotropic rapidly-quenched 
Nd-Fe-B ribbons containing additions of Al and Si.2'3 Since 
then many different compounds such as Sm-Co4 with a 
maximum coercivity up to 75 kOe or a two-phase 
a-Fe/Sm-Fe-N5 were produced in the nanocrystalline or 
nanocomposite state. 

Stoner and Wohlfarth6 predicted that the remanence 
should be half of the saturation magnetization (Ms) for 
single phase uniaxial materials assuming an isotropic set of 
noninteracting grains. From this prediction single-phase 
uniaxial materials are defined as remanence enhanced when 
the remanence is above half of Ms. In all these materials 
nanocrystals of the hard magnetic phase with grain sizes be- 
tween 10 and 35 nm were found. For hard magnetic materi- 
als, the anisotropy energy overrides in general the stray field 
energy. In this case, the length where the extension of spin 
inhomogeneities is reduced by Me is referred to as the ex- 
change length /ex= \lA/K (where A is the exchange stiffness 
constant and K is the anisotropy constant). Due to the fact 
that the grain size is of the same order as the magnetic ex- 
change length, the coupling between the grains becomes ex- 
tensive enough to considerably enhance the remanence. 

All these materials are isotropic due to the production 
processes generally used (rapidly quenching, mechanical al- 
loying). It was found that the exchange coupling influences 
intrinsic properties such as the spin reorientation 
temperature7 as well as the Curie temperature.8 A simple 
measure of the exchange coupling is, in addition to the shape 
of recoil curves9 and the hysteresis loop, the ratio remanence 
Mr to saturation magnetization Ms. 

Starting from elementary powders, three com- 
positions,     Sm1g.1Feu.0Co7o.9,      Sm184Fe23.4Co58.2,     and 

Sm182Fe332Co486, were produced by mechanical alloying 
resulting in a quasi-amorphous matrix. The quasi-amorphous 
materials were cold pressed into 3 mm diameter cylinder, 
wrapped in Ta foil, and heated under 10~5 mbar vacuum for 
15 min at 600-700 °C. So, the quasi-amorphous Sm-Fe-Co 
can transform into many different nanophases, such as 
Sm2(Co,Fe)i7, Sm(Co, Fe)5, Sm2(Co, Fe)7, Sm(Co, Fe)3, 
and a-(Fe, Co). Because the phases have similar crystallo- 
graphic structure it is very difficult to distinguish the differ- 
ent phases from x-ray diffraction. For the compositions used 
in the present work, the expected hard magnetic phase would 
be the Sm(Co, Fe)5 phase. However, according to a previous 
study10 the presence of Fe in the quasi-amorphous phase 
seems to prevent the formation of Sm(Co, Fe)5. Instead a 
mixture Sm2(Co, Fe)17, Sm2(Co, Fe)7, Sm(Co, Fe)3, and a- 
(Fe, Co) was found.10 From our x-ray measurement it seems 
that Sm2(Co, Fe)7 and Sm(Co, Fe)3 do not exist in the 
samples. The average grain size and the grain size distribu- 
tion of the samples were evaluated by analyzing the x-ray 
diffraction line broadening (Table I).11'12 

The determination of the saturation magnetization, Ms, 
is very important to obtain the characteristic ratio MrIMs for 
exchange enhanced magnets. To determine Ms of isotropic 
hard magnetic materials accurately, high fields magnetic 
measurements are necessary in order to exceed the high mag- 
netocrystalline anisotropy of the hard magnetic phases as 
well as a reliable extrapolation method (e.g., the law of ap- 
proach to saturation). Therefore magnetization measure- 
ments were performed on the SmFeCo magnets in a pulsed 
field magnetometer with a maximum applied field of 35 T. 
With this method the temperature dependence of the ratio 
Mr IMS as well as the coercivity were measured from 4.2 K 
up to room temperature. The anisotropy field was estimated 
from the law of approach to saturation. The estimated anisot- 
ropy field for the samples were determined to be between 20 
and 30 T at room temperature. This indicates that 
Sm2(Co, Fe)7     (#„~30T    at    room    temperature)    or 
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TABLE I. The average grain size, Dv (see Refs. 11, 12) for different com- 
positions evaluated by analyzing the x-ray diffraction line broadening. (Sm, 
Fe, Co) grain corresponds to the grains composed from the hard magnetic 
(Sm, Fe, Co) phases. 

Sm181Fe110Co709    Sm184Fe23 4Co582    Sm182Fe332Co486 

(Sm, Fe, Co) 
grain 

11.9 nm 17.5 nm 19 nm 

Sm] (Co, Fe)5 (//„«= 30 T at room temperature) is more prob- 
able instead of Sm2(Co, Fe)17 (Ha"= 10 T at room tempera- 
ture). 

In Fig. 1 it is evident that the ratio MrIMs is increasing 
with decreasing temperature. This indicates that the coupling 
is increasing at lower temperature. If the coupling is increas- 
ing we would expect that the exchange length should in- 
crease with decreasing temperature. This is possible if the 
anisotropy constant K is decreasing. Blaettner et al.i3 found 
this behavior for Sm2Co7. Therefore those data were used to 
describe the anisotropy field. 

Using the available data, analytical relations between the 
coercivity and the enhanced remanence can be tested. There 
exists14 one analytical prediction relating coercivity and re- 
manence: 

Mr H 
cos|l-2^j + fsi^l-2^ 

Hf 

(1) 

This formula was derived from the random anisotropy 
model15 and predicts a decreasing coercivity with increasing 
MrIMs ratio. This analytical relation was tested for our mea- 
surements and could not reproduce the temperature behavior. 
In fact, the results showed a behavior opposite to the predic- 
tion of the model. In our measurements both MrIMs and the 
coercivity are increasing (compare Fig. 1 and Fig. 3). 

Another numerical approach, which is based on a micro- 
magnetic calculation using finite element techniques16 deliv- 
ers a relation of the type: 

0.9 
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FIG. 1. The temperature behavior of the remanence to saturation magneti- 
zation ratio measured using a pulsed field magnetometer. A fit according to 
the model of Fischer et al. (see Ref. 16) is included for comparison. 

0.9 
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 a=0.67569, b=0.28145 
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FIG. 2. The modified model of Fischer et al. (see Ref. 16) which assumes 
the exchange coupling to be three dimensional, is compared to the measured 
data. 

Mr 
= a + b ln(D/<57a) (2) 

with Ms = M^Td- vhMd+Mloft- vsoft, where D is a grain size, 
SB=ir^AIK represent the domain wall width of the hard 
magnetic phase, M^ard, Ms°ft are the saturation polarization 
of the hard and soft magnetic phases, and i'hard, vsoft are the 
volume fractions of the hard and soft magnetic phases. In the 
case of only uncoupled hard magnetic grains a = 0.5 and b 
= 0, whereas in the other cases a increases with the amount 
of the soft magnetic phase: 0.5<a< 1. b is -0.045 without 
the soft magnetic phase and may increase to —0.15 depend- 
ing on the amount of the soft magnetic phase.16 

Since, in all of the samples measured, there existed only 
a small amount of soft magnetic phase, a was fixed to be 0.5. 
If the parameter a was left free in the fitting procedure it 
tended to reach values in the range of 0.1-0.3, which have 
no physical meaning. 

This model shows the right tendency when applying it to 
the measured data, but the fit was not able to reproduce the 
actual temperature behavior. One disadvantage of Eq. (2) is 

— SnNaiBBno°^9600^15'*. 
^Smia4Fe2a4Co6a2700°C'15,Tlin 

--^laz^sAe700^15"*1 
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0 50 100        150        200        250        300 
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FIG. 3. Temperature dependence of the coercivity measured by using a 
pulsed field magnetometer. 
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FIG. 4. The nucleation model (see Ref. 17) applied to the measured data. 

that D/SB describes the coupling of the phases for a one- 
dimensional model. A 2D model would be able to describe 
the ratio of the total grain area to the exchange coupled grain 
area. If, instead of D/8B, the ratio of total volume V,ot to 
coupled volume Vcoupi is used, a 3D model would result. The 
ratio of coupled volume to total volume can be defined as the 
reduced volume Vred. 

V, red 
" coupl (D/2)3-(D/2-/ex,)3 

(D/2)3 (3) 

By introducing the reduced volume, the following ex- 
pression can be defined: 

M, 

M 
= a + b ln(Wred). (4) 

If the sample is fully exchange coupled, Mr IMS in Eq. 
(4) should be equal to 1 when Vred is equal to 1. For the 
coupled boundary condition MrIMs [ln(l)=0] would be 
equal to a and with a = 1 the boundary condition is fulfilled. 
If the grains in the magnet are uncoupled, M,./Ms in Eq. (4) 
should be between 0.5 and 1 (depending on the amount of 
soft magnetic phase), when b and Vred are equal to zero. By 
applying l'Hospital rule on Eq. (4) and letting b and Vrtd 

approach zero MrIMs will be equal to a. Since a can be 
chosen between 0.5 and 1 also this boundary condition is 
fulfilled. 

In Fig. 2 the modified model of Eq. (4) is tested and 
indeed the experimental data fit the model. Increasing the 
amount of Fe in the samples results in a maximum for the 
parameter a and a minimum for parameter b for the sample 
with Fe=23 at%. By comparing the values in Fig. 1 with the 
values in Fig. 2, b seems to be of a factor 10 larger in the 
modified model. Also the expected values for b( — 0.045<fo 
< —0.15) from Fischer et al.,16 are exceeded by a factor of 2 
in the modified model. 

We also attempted to fit the coercivity using an equation 
similar to that for the ratio MrIMs from Fischer et al.-}6 

■N, eff- (6) 

Hc = Ha[c + dln(D/STa)l (5) 

However, this formula shows a different behavior than 
the measured data. Here HcIHa has a convex shape and 
\n(D/SB) has a concave shape with the temperature. 

The nucleation model17 can be used to describe 
HC(T)/JS(T): 

HC _      f[a 

J s •* x 

The values obtained from the nucleation model are 
shown in Fig. 4. 

Here the microstructural a parameter has negative val- 
ues. A negative value of the a parameter has no physical 
meaning, which indicates that the nucleation model cannot 
be applied for our samples. However, it is worth noting that 
an increase of Fe in the samples results in a decrease of the 
microstructural parameters. One more disadvantage of the 
nucleation model is that it only indicates if the magnetization 
processes is nucleation controlled and do not delivers any 
deeper understanding of the exchange coupling. The same 
problems arise when applying a similar model such as the 
nucleus-expansion model.18 
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The effect of phase transformations on the magnetic properties of rare earth lean 
(Nda95Lao.05)9.5Fe82.5_xCr2B6+;c (x = 0 to 4.5) and (Nd0.95Lao.o5)7.5+yFe80.5-yCr2B10 (y = 0 to 4) 
melt spun ribbons has been investigated. The phase mixture, after optimum thermal processing, was 
found to be strongly dependent upon the rare earth and boron contents. Two magnetic phases, 
namely a-Fe and R2Fe14B, were found in (Nd095La0o5)9.5Fe825_^Cr2B6+^ alloy ribbons with x 
ranging from 0 to 4.5. For a fixed rare earth content, increases in the boron concentration resulted 
in a higher volume fraction of the R2Fe14B phase, which led to an increase in the intrinsic coercive 
force from 7.1 kOe for x = 0 to 12.6 kOe for x = 4.2. A Br = 9.6kG, tHc = 9.5 kOe, and (£#)max 

= 15.5 MGOe have been obtained in the alloy ribbons with x = 4.5. On the other hand, the increase 
in the total rare earth content, or y, was found to suppress the formation of the metastable Fe3B 
and/or R2Fe23B3 phases and to yield an a-Fe/R2Fe14B mixture for y > 1. This increase in total rare 
earth content not only increases the volume fraction of both the R2Fe14B and a-Fe phases but also 
decreases the average grain size of these phases as evidenced by transmission electron microscopy 
analysis. This decrease in the average grain size may subsequently enhance the intrinsic coercivity 
and the remanence of the ribbons. A Br of 9.5 kG, a flc of 13.2 kOe, and a (5H)max of 18 MGOe 
were achieved in (Nd095La005)11Fe77Cr2B10. © 1998 American Institute of Physics. 
[S0021-8979(98)20711-0] 

Because of their high remanence (Br) and high maxi- 
mum energy product [(BH)mm], two types of nanocomposite 
magnets, namely, a-Fe/Nd2Fe14B' and Fe3B/Nd2Fei4B2'3 

have been widely studied for the bonded magnet application. 
The Br of these nanocomposites can be strongly influenced 
by incorporating group II or IV elements4'5 and/or by the 
controlling of the grain size and volume fraction of a-Fe and 
NdzFe^B1 or Fe3B and Nd2Fe14B.2'3 Similarly, ,HC and 
squareness of the demagnetization curve are also strongly 
affected by elemental substitution and microstructure.4'5 

Production of precursor materials with an amorphous or 
nanoscaled structure and precise thermal treatment are the 
two key processes which determine the magnetic perfor- 
mance of nanocomposite materials. For a-Fe/Nd2Fe14B type 
nanocomposites, it was found that the alloy composition can 
ease the production of amorphous ribbons by melt spinning.6 

Furthermore, the size and volume fraction of a-Fe and 
Nd2Fe14B can be manipulated by thermal processing.7 Al- 
though (B#)max values of 19-21 MGOe have been obtained 
on a-Fe/Nd2Fe14B-type nanocomposites,6'7 the correspond- 
ing ;HC obtained was normally less than 9 kOe, regardless of 
the method of fabrication or elemental substitution. Previ- 
ously, we have shown that La and Cr substitution for Nd and 
Fe, respectively, in Nd95Fe815B9 improved the tHc of the 
optimized crystallized ribbons.8 This increase in tHc was as- 
cribed to the formation of Cr-rich borides in the grain bound- 
ary region which enhance the grain separations, suppress the 

a'Electronic:mail: phywcc@ccunix.ccu.edu.tw 

grain growth, and/or smooth the grain surface defects. An 
■flc of 9.1 kOe and a (5#)max of merely 12.5 MGOe have 
been obtained. It is of interest to extend this study to alloys 
of various boron contents to see if this trend still holds. An 
alloy series with compositions of (Nd,La)95Fe825_;cCr2B6+;c 

(x = 0 to 4.5) was selected for investigation. 
To obtain strong exchange-coupling interaction, the vol- 

ume fraction of Nd2Fe14B (the hard magnetic phase) and 
a-Fe (the soft magnetic phase) phases must be maintained 
above a critical ratio.9"11 Although forming grain boundary 
phase(s) may increase the tHc, one usually needs to balance 
the amount of grain boundary phase to increase iHc with the 
requirement to achieve a high saturation magnetization and 
an effective exchange coupling. For a given boron content, 
varying the total rare earth content could be one of the ways 
to adjust the amount of Nd2Fe14B and a-Fe phase to achieve 
this goal. For this reason, (Nd095La0.o5)7.5+yFe805_>,Cr2B10, 
where y = 0, 1, 2, 3.5 and 4, was selected for further study. 

Alloy ingots with compositions 
(Nd0.95La0.o5)9.5Fe82.5_^Cr2B6+JC (x = 0-4.5) and 
(Ndo.95Lao.o5)7.5+).Fe80.5-yCr2B10 (y = Q-4) were prepared 
by vacuum induction melting. Ingot pieces of approximately 
3 grams were crushed into small pieces to accommodate the 
size of crucible for melt spinning. Ribbons were produced 
with wheel speeds (Vs) ranging from 15 to 30 m/s. X-ray 
powder diffraction with Cu Ka radiation was utilized to de- 
termine the degree of crystallinity in the ribbons. Selected 
ribbons were thermally treated at 650-700 °C for 10 min for 
crystallization and to improve the permanent magnetic prop- 
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FIG. 1. TMA curves for crystallized (Nd095La0o5)9.5Fe82.5-^Cr2B6+ 

bons (a) x = 0, (b) x = 3, (c) x = 4, (d) x = 4.2, and (e) x = 4.5. 
lib- 

erties. The magnetic phases and the corresponding Curie 
temperatures (Tc) were identified by a thermal gravimetric 
analyzer (TGA) with an externally applied magnetic field, 
i.e., conventionally referred to as the thermo magnetic analy- 
sis (TMA). The magnetic properties of the as-quenched rib- 
bons and the thermally treated ribbons were measured by a 
vibrating sample magnetometer (VSM). Transmission elec- 
tron microscopy (TEM) with energy dispersion analytical x 
ray (EDAX) was employed to examine the microstructure 
and identify the phases of the ribbons obtained. 

Shown in Fig. 1 are the TMA scans of 
(Nd0.95La0.05)9.5Fe82.5_xCr2B6+^ (x = 0, 3, 4, 4.2, and 4.5) 
ribbons after optimum annealing treatments. Despite the bo- 
ron content being varied from 6 to 10.5 at. %, only two mag- 
netic phases, namely, a-Fe and R2Fe14B, were detected. The 
metastable Fe3B and R2Fe23B3 phases that usually appear in 
the ternary boron rich Nd-Fe-B system were not detected. 
This suggests that La and Cr substitution may be effective in 
suppressing the formation of Fe3B and R2Fe23B3 phases in 
ribbons at least in the range of boron contents studied. As- 
suming that a-Fe and R2Fe14B exhibit the same magnetiza- 
tion during TMA measurement, one may estimate the vol- 
ume fractions of the a-Fe and R2Fe14B phases in each ribbon 
by comparing the relative peak heights. In general, the vol- 
ume fraction of R2Fe14B in the ribbons with a higher boron 
content, x = 4, 4.2, and 4.5, is more than those with a lower 
boron content, x = 0 and 3. 

Shown in Fig. 2 are the variation of Br, tHc, and 
(B#)max of (Nd0.95Lao.o5)9.5Fe82.5_xCr2B6+;c (x = 0, 3, 4, 4.2, 
and 4.5) ribbons after an optimum annealing treatment. At 
x=0, a Br of 9.5 kG, a (BH)mm of 15.5 MGOe and an ,HC 

of merely 7.1 kOe were obtained. Both Br and (BH)mm de- 
crease initially with increasing boron content, then increase 
slightly when x was increased above 3. On the contrary, the 
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FIG.      2.       Comparison 
(Nd0.95La0.05)9.5Fe82.5-.tCr2B6+Jt 

condition. 

of      the      magnetic      properties      of 
(x = 0-4.5) ribbons annealed at optimum 

■flc increased initially with increasing boron content, reached 
a maximum of 12.6 kOe at x = \2 then decreased drastically 
at x = 4.5 indicating a possible phase transformation or a 
change of phase mixture. A Br of 9.6 kG, an flc of 9.5 kOe, 
and a (BH)m!lK of 15.5 MGOe were obtained at x = 4.5. This 
suggests that a Br of more than 9 kG, (B//)max of more than 
15 MGOe, and tHc of more than 9 kOe can simultaneously 
be obtained in (Nd095La005)9 5Fe82 5^xCr2B6+^ ribbons if x 
is maintained at slightly above 4. Around this boron level, 
the boron was surmised to react with Cr forming Cr boride(s) 
in the grain boundary region and freeing some Nd (and La) 
and Fe to form the desired R2Fe14B phase. The increase of 
flc with increasing x, presumably, arises from two factors: 

(Nd,La),(Fe,Cr)„B 

(a)Y-O 
_Nd,Fe„B, a-Fe 

(b)Y-1 

(c)Y-2 

(d)Y=3.5 

100  200  300  400  500  600  700  800  900 
Temperature (°C) 

bons (a)y = 0, (b)y=l, (c) y = 2, (d)y = 3.5, and (e) y = 4. 
Cr2Bl0 rib- 
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TABLE I. Estimated volume fraction ratio of magnetic hard and soft phases 
(R2Fe14B-type/a-Fe ratio) of (NdOMLa005)75+3,Fe805_:),Cr2B1o ribbons (y 
= 0 to 4). 

Peak height (arb. units) 

Composition Hard phase Soft phase R2FeI4B/a-Fe 
y= (R2Fe14B type) (a-Fe) Ratio 

0 4.498 1.260 3.57 
l 2.014 0.968 2.08 
2 1.387 0.701 1.98 
3.5 0.945 0.736 1.28 
4 0.809 0.504 1.61 

the increase in the volume fraction of 2:14:1 phase ' and 
the increase in the amount of grain boundary phases which 
serves as grain separator. How to balance these two contri- 
butions is the key for successful production of nanocompos- 
ites with high flc and (5H)max. 

Shown    in    Fig.    3    are    the    TMA    scans    of 
(Nd0 95Lao 05) 75+-yFeg .5-yCr2B10 (y- ■0, 1,2, 3.5, and 4) rib- 
bons after the crystallization treatment. Three magnetic 
phases, namely, (Nd, La)2(Fe, Cr)14B, R2Fe23B3, and a-Fe 
were found in y = 0 and 1. However, only two magnetic 
phases, (Nd, La)2(Fe, Cr)14B and a-Fe, were observed on 
v = 2, 3.5, and 4. The peak heights of the hard magnetic 
phase (R2Fe14B) and soft magnetic phase (a-Fe) measured 
by TMA scans and the estimated R2Fe14B/a-Fe ratio of these 
materials are listed in Table I. The R2Fe14B/a-Fe ratio de- 
creases from 3.57 for v = 0 to 1.28 for y = 3.5 then increases 
again to 1.61 for y = 4. It is worth noting that the estimated 
R2Fe14B/a-Fe ratio only takes into account the two magnetic 
phases detected. Phases which were not detected by TMA 
scans are not included in this consideration. A detailed ana- 
lytical work by TEM or microprobe is certainly needed along 
this aspect to confirm our hypothesis. 

Shown in Table II are the comparison of Br, flc, and 
(BH)max obtained for (Nd0.95Laao5)7.5+j,Fe80.5_.yCr2B1o (y 
= 0, 1, 2, 3.5, and 4) ribbons after optimum crystallization 
treatments. The Br and flc of the ribbons with y = 0 and 1 
are extremely low. However, these values are improved sig- 
nificantly when the rare earth content was increased to y 
= 2 or 3.5. A Br of 9.5 kG, an flc of 13.2 kOe, and a 
(BH)msx of 18.0 MGOe have been achieved on y = 3.5. Most 
importantly, an tHc as high as 13 kOe, a B,. of more than 9.5 
kG, and a (5//)max of 18 MGOe have been achieved. These 

TABLE II. Magnetic properties of (Na^La,),,,^^^, 
— 4) ribbons after optimum annealing. 

Fe80.5-vCr2B10 (v = 0 

Composition Br flc (ß#)max 
y= (kG) (kOe) (MGOe) 

0 8.1 3.1 4.0 
1 10.3 4.0 10.0 
2 8.6 9.5 12.6 
3.5 9.5 13.2 18.0 
4 9.9 5.0 14.0 

FIG.     4.      Transmission     electron     micrographs     of     crystallized 
(Ndo.95La0.o5)7.5+)>Fe80.5-jCr2B10 ribbons (a) y = 0, (b) y = 2, and (c) y 

= 3.5. 

high values have never been reported in either the  a- 
Fe/Nd2Fei4B or the Fe3B/Nd2Fe14B nanocomposites. 

Shown in Figs. 4(a), 4(b), and 4(c) are the TEM micro- 
graphs of ribbons with y = 0, 2 and 3.5, respectively, after 
optimum thermal treatments. Three distinct phases, namely, 
(Nd, La)2(Fe, Cr)14B, R2Fe23B3 (as the arrows indicate), 
and a-Fe were found in y = 0. Only two magnetic phases, 
(Nd, La)2(Fe, Cr)14B and a-Fe, were detected in y = 2 and 
3.5. These results are consistent with TMA scans. In addi- 
tion, a thin layer grain boundary phase (nonmagnetic) was 
found only in y = 2 but not in y = 0 and 3.5. Moreover, the 
grain sizes, both the (Nd, La)2(Fe, Cr)14B or the a-Fe 
phases, in y = 3.5 and 0 are finer than those in y = 2. The 
sizes of a-Fe and (Nd, La)2Fe14B are estimated around 20 
and 20-30 nm for y = 3.5 and 0, and 25 and 70-80 nm for 
y = 2, respectively. This suggests that the presence of the 
R2Fe23B3 phase may restrict the grain growth in 
(Nd095La005)7 5Fe805Cr2B10 and the higher La concentration 
in y>2 may also limit the grain growth. A fine grain size is 
essential to induce a higher exchange coupling interaction 
between the 2:14:1 and a-Fe phases, resulting in a high Br. 

This work was supported by National Science Council, 
Taiwan, R.O.C. under Grant No. NSC-86-2112-M-194-012. 
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Anomalous high-temperature coercivities in hard nanocomposite alloys 
L. H. Lewis,a) J.-Y. Wang,b) and D. O. Welch 
Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973-5000 

V. Panchanathan 
Magnequench International, Inc., 6435 Scatterfield Road, Anderson, Indiana 46013 

To elucidate the interphase interactions inherent to nanocomposite magnetic alloys, measurements 
of remanence Br, and coercivity Hc[ were made on a series of four meltspun, remanence-enhanced 
nanocomposite alloys consisting solely of various amounts of Nd2Fe]4B and a-Fe. The phase 
constitution and microstructural scale of the alloys were characterized with synchrotron x-ray 
diffraction. Magnetic measurements were made using superconducting quantum interference device 
(SQUID) magnetometry on evacuated and encapsulated samples in the temperature range of 
300K=sr=£750K, in order to characterize the a-Fe component independently of the Nd2Fe14B 
component. The high-temperature coercivities of the samples increase with the amount of a-Fe 
present in the samples, ranging from an average value of approximately 75 Oe for the sample with 
14 wt % excess Fe to over 400 Oe at 700 K for the sample with 27 wt % excess Fe. The relatively 
high coercivities of the samples found at elevated temperatures imply that a tabular morphology of 
the a-Fe grains is conferring anisotropy to the phase; this conclusion is supported by transmission 
electron microscopy. It is concluded that while the significant coercivity of the a-Fe phase likely 
reduces the room-temperature remanence enhancement of the alloy below its theoretical ideal, the 
favorable interphase interface orientation promotes exchange coupling. © 1998 American Institute 
of Physics. [S0021-8979(98)20811-5] 

I. INTRODUCTION 

A detailed understanding of the nature of the interphase 
magnetic coupling in exchange-spring nanocomposite alloys 
is of paramount importance to the modeling and optimization 
of their performance as permanent magnets. To this end, 
measurements of magnetization and coercivity Hci were 
made on a series of four meltspun nanocomposite alloys con- 
sisting solely of various amounts of Nd2Fe14B and a-Fe us- 
ing superconducting quantum interference device (SQUID) 
magnetometry on evacuated and encapsulated samples in the 
temperature range of 300 K=£ 7^750 K, in order to follow 
the evolution of the magnetic properties as the Nd2Fe14B 
passes from the ferromagnetic to the paramagnetic regime. 
The result thus obtained and expounded upon below eluci- 
date the microstructural evolution of the alloys as increasing 
amounts of a-Fe are added to the Nd2Fe14B system. 

II. EXPERIMENTAL DETAILS 

The alloys were made from commercial-grade materials 
by standard melt-quenching techniques and annealed for 4 
min at 690 °C to optimize their magnetic properties. To 
verify the phase composition and average grain size of the 
alloys, synchrotron x-ray diffraction was performed on pow- 
dered samples using radiation of wavelength 0.90 Ä=£\ 
=£1.18 Ä, well away from the absorption edge of iron and 
thus preventing fluorescence. Lattice parameters were deter- 
mined by a least-squares fitting program. Only two phases 

"'Electronic mail: lhlewis@bnl.gov 
b)Present address: Applied Materials, Burton Drive, Bldg. 24, Santa Clara, 

CA 95054. 

were found, Nd2Fe14B and a-Fe; it is estimated that synchro- 
tron x-ray diffraction would detect minor phases of 0.1-1.0 
wt %.' The crystallite sizes are determined from the half- 
width of the Bragg peak at the half-maximum intensity po- 
sition, corrected for the intrinsic broadening of the synchro- 
tron beam, using the Scherrer formula.2 The nominal 
compositions, lattice parameters, and the average grain size 
found for each constituent phase are given in Table I. The 
alloys are identified by their excess iron enrichment S, de- 
fined as Nd2Fei4+(5B. The specimens studied contained the 
following amounts of excess Fe: 1 (<S=0), 14 (<5=4.6), 18 
(<5=7.2), and 27 wt %(<?=9.3). The amount of excess iron 
was determined from the ferromagnetic hysteretic response 
measured at 750 K.3 The magnetic data were obtained on 
packed samples evacuated to P»l X 10"6 Torr4 using a 
maximum applied field of 5 T in the temperature range of 
300K^r=£780K with a Quantum Design SQUID magne- 
tometer. The magnetic data were corrected for demagnetiza- 
tion effects, and the paramagnetic response from the 2-14-1 
phase was subtracted at each measurement temperature from 
the corrected data to yield the saturation magnetization of the 
a-Fe phase. Room-temperature remanence ratios were calcu- 
lated from corrected demagnetization extrapolated out to in- 
finite field, Table I. Electron microscopy (TEM) was per- 
formed on the sample containing the largest amount of 
excess a-Fe {8=93) using a JEOL 2000 FX transmission 
electron microscope on dimpled and subsequently ion-milled 
samples. 

III. RESULTS 

The data in Table I indicate that the scale of the micro- 
structure of all samples is similar, although not identical. The 

0021-8979/98/83(11 )/6274/3/$15.00 6274 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 

TABLE I. Alloy characterization 5 characterizes the iron enrichment, defined as Nd2Fei4+(SB. 

Lewis et al. 6275 

Stoichiometry Lattice parameters 
(excess Fe wt %, 5) (Ä) 

Remanence (kG) Remanence ratios 
Grain sizes at 300 K Br/MS(H=<*>), 300 K 

Nd2.39Fe14B0.95 

(1 wt%, 5=0) 
2-14-1: 
a = 8.804±0.002 
c=12.261±0.005 

Nd2FeI86B238 2-14-1: 
(14 wt%, 5=4.6)       a = 8.791±0.001 

c= 12.170± 0.002 
a-Fe: a = 2.86 
2-14-1: 
a = 8.787 ±0.002 
c=12.178±0.003 
a-Fe: a = 2.87 
2-14-1: 
a = 8.805 ±0.002 
c= 12.214+ 0.005 
a-Fe: a = 2.88 

Nd2Fe21 2BL65 

(18 wt%, 5=7.2) 

NdjFejajB,^ 
(27 wt% 5=9.3) 

2-14-1: ~340Ä 

2-14-1: -525 Ä 
a-Fe: = 175 Ä 

2-14-1: ~340 Ä 
a-Fe: ~290Ä 

2-14-1: ~235Ä 
a-Fe: «180Ä 

6.3 

S.06 

9.21 

10.09 

0.53 

0.52 

0.56 

0.60 

grain sizes of the Nd2Fe14B phase are in the range of 25-50 
nm, and are always larger than that of the a-Fe phase, which 
is smaller than 30 nm in all instances. There is no obvious 
correlation between the amount of excess iron and the pre- 
cise scale of the resultant microstructure. Similarly, there is 
no obvious trend in the lattice parameters of the Nd2Fe14B 
phase with excess iron content, and the lattice parameter of 
the a-Fe phase agrees well with the JCPDS reference lattice 
parameter value for a-Fe of a = 2.8664 A.5 All samples ex- 
hibit moderate remanence enhancement and a smooth 
second-quadrant demagnetization curve. Figures 1 and 2 il- 
lustrate the trends of coercivity and saturation magnetization 
of the a-Fe phase, respectively, with temperature. The nomi- 
nally single-phase Nd2Fe14B sample exhibits a room- 
temperature coercivity value of 15 kOe, much higher than 
the coercivities of the two-phase nanocomposite samples; 
however, the temperature coefficient of coercivity (i.e., the 
slope of the coercivity versus temperature curve) is much 
smaller for the nanocomposite samples than it is for the 
single-phase sample. The inset of Fig. 1 shows an enlarge- 
ment of the coercivity trend at high temperatures of the 
samples studied. The high-temperature coercivity measure- 
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FIG. 1. The variation of coercivity Hci with temperature for the four alloys 
studied. Inset: Enlargement of the high-temperature portion of the graph. 

ments are quite reproducible and are essentially independent 
of temperature. Both Fig. 1, inset, and Fig. 2 indicate that 
there is a direct correlation between the amount of excess 
a-Fe present in the composite and the resultant remanences 
and coercivities. 

IV. DISCUSSION 

The measured saturation magnetizations for the samples 
at elevated temperatures confirm that the additional Fe added 
to the starting composition results in the formation of in- 
creasing amounts of a-Fe. The coercivities measured at el- 
evated temperatures are much greater than that expected for 
isotropic grains of a-Fe with diameters under 300 A. If one 
assumes that the a-Fe particles are randomly oriented and 
reverse coherently by rotation under the influence of a de- 
magnetizing field, the maximum coercivity expected at 
T=750 K is equal to6 0.64- (K{ /Ms)~43 Oe, which is ap- 
proximately an order of magnitude less than the greatest co- 
ercivity measured. However, if the assumption that the par- 
ticles are isotropic is relaxed, the concept of shape anisotropy 
may be invoked to account for the relatively large measured 
coercivities. The maximum coercive force that may be ob- 
tained in iron from shape anisotropy may be as high as 4300 
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FIG. 2. Saturation magnetizations at elevated temperatures of the ferromag 
netic components present in the nanocomposite alloys studied. 
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FIG. 3. TEM micrograph of a high-Fe region of microstructure of the 
sample «5=9.3, containing nominally 27 wt % excess iron. The arrow indi- 
cates the blocky a-Fe phase. 

Oe at 750 K.7 The relative temperature independence of the 
a-Fe coercivities also supports the hypothesis that the origin 
of the coercivity is likely to be shape anisotropy.7 

Electron microscopy investigations also support the con- 
clusion that the a-Fe particles do not have the shape of ran- 
domly distributed spheres. Figure 3 is a TEM micrograph of 
a portion of the «5=9.3 sample that shows a higher relative 
concentration of iron than the bulk of the sample. The blocky 
phase, indicated by the arrow in Fig. 3, has been identified 
by energy-dispersive spectroscopy to largely consist of iron 
and is thus identified as the a-Fe component. Although the 
grain size of this region is not typical of the entire sample, it 
does illustrate the morphology of regions with large concen- 
trations of a-Fe. It is hypothesized that the a-Fe phase de- 
velops an increasingly tabular morphology with increasing 
excess Fe content in the alloys. 

The data presented above have two results that are sig- 
nificant for the hard magnetic performance of the nanocom- 
posites. The first result is that the coercivity of the a-Fe 

component is not extremely low when both phases are in the 
ferromagnetic regime, as is desired for optimum exchange 
coupling and remanence enhancement.8'9 If the coercivity 
measured at 750 K is normalized to the maximum coercivity 
expected at that temperature from shape anisotropy alone, 
extrapolation from the high-temperature data implies that the 
room-temperature coercivity of the a-Fe phase in the most 
Fe-enriched nanocomposite («5= 9.3) is around 535 Oe. This 
conclusion implies that the entire volume of the constituent 
a-Fe grains is not exchange-coupled to the 2-14-1 phase, 
resulting in both a lower remanence enhancement and com- 
plex internal demagnetizing fields. However, the deduced 
elongated shape of the a-Fe precipitates in the alloy may 
serve to increase the remanence enhancement by realizing 
maximum interphase contact. 
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Results are presented on the hysteretic behavior of Fe-rich, composite Ba hexaferrite-Fe samples 
prepared by ball milling. The most remarkable feature of these samples was the observation of loops 
which were displaced in the negative sense of the field axis. Similar to this, the field evolution of the 
isothermal and the demagnetization remanences evidenced the achievement upon the application of 
8 kOe fields of nonequivalent values of both quantities. Our results are discussed considering the 
different magnetic hardness of the two phases forming the sample and the occurrence of interphase 
(dipolar) interactions.   © 1998 American Institute of Physics. [S0021-8979(98)43111-6] 

I. INTRODUCTION 

Short range exchange and long range dipolar interactions 
are crucial in determining the hysteretic properties of many 
real magnetic materials, for example, the achievement of ex- 
treme softness in melt spun, partly crystallized FeSiBCuNb 
alloys or the induction of remanence enhancement in nano- 
crystalline, NdFeB-based alloys. In the first case the basic 
softening mechanism is the average, down to a reduced ef- 
fective value, of the grain magnetocrystalline anisotropy of 
large sets of exchange and dipolarly coupled grains.1 The 
remanence enhancement, observed in hard isotropic materi- 
als, is also related to the occurrence of strong intergranular 
exchange which helps to keep the magnetization direction of 
the nanograins away from their local easy axis and close to 
the internal field direction.2 The influence of interactions on 
the extrinsic properties is specially relevant in the case of 
composite materials where it has been predicted3 (and ex- 
perimentally tested in some particular cases) that the cou- 
pling of several magnetic phases could result in extremely 
soft4 or hard properties.5 There are, however, two relevant 
obstacles to overcome in order to achieve some degree of 
control of the interactions and, through this, to improve the 
behavior of known materials for particular applications. On 
one hand, the absence of experimental techniques allowing 
one to measure interactions at a local level6 and on the other, 
the lack of a simple but realistic description of the influence 
of the dipolar coupling on the magnetization reversal 
mechanisms7 (dipolar interactions have a many-body nature, 
making them unsuitable to be analyzed in mean field terms). 
The aim of the present work is to contribute to the descrip- 
tion of the phenomenology associated with the presence of 
interactions. For this purpose we will present data on a com- 
posite material formed by nanosized Ba hexaferrite particles 
and micronsized Fe ones where the interphase interactions 
are, exclusively, of the dipolar type. 

II. PREPARATION OF SAMPLES AND EXPERIMENTAL 
TECHNIQUES USED 

We have prepared nanocomposite samples with nominal 
compositions given by Fe^/CBaFe^Oi^j-j,  where x (x 

=0.7 and x = 0.9) denoted a volume fraction. The samples 
were prepared by milling for 2 h in ball mill appropriate 
mixtures of Fe (45 /urn average particle size) and Ba hexa- 
ferrite [30 nm average particle size, according to the mea- 
surement of the (0001) reflection half maximum width] pow- 
ders. The precursor Ba hexaferrite particles were obtained by 
synthesis using a water-in-oil microemulsion.8 The phase 
distribution of the as-milled samples was checked through 
x-ray diffraction (XRD). The study of the hysteretic proper- 
ties of both the precurson Ba hexaferrite and the composite 
samples was performed in press-powder cylinders (3 mm 
height X 3 mm diameter) by using a vibrating sample magne- 
tometer. 

III. EXPERIMENTAL RESULTS 

Figure 1 shows the x-ray diffractogram taken in different 
as-milled Fe-Ba hexaferrite composite samples. As observed 
in the figure the only detected reflections were those corre- 
sponding to a-Fe. (The diffractograms did not show any in- 
dication of the presence in the milled materials of phases 
different from the precursor ones.) 

In Fig. 2 we present the room temperature demagnetiza- 
tion branch of the hysteresis loop measured in the starting Ba 
hexaferrite particles. The inset in that figure shows the field 
dependence of the associated differential susceptibility. The 
critical field of the precursor Ba hexaferrite (demagnetizing 
field for which a differential susceptibility maximum is mea- 
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FIG. 1. X-ray diffractograms taken in the x = 0.1 and x = 0.9 samples. 

0021 -8979/98/83(11 )/6277/3/$15.00 6277 © 1998 American Institute of Physics 



6278        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Montero et al. 

40 

20 
■5? 

E 

■ 

■ 

Jr   W\  

ß              &   20 ?'  ^ 
- /     i« 

f                    «   5 
0 

HS\*. 
-B           -6           -4           -2 0 

1 
H„ (KOe) 

0 

b-20 

40 

-8-6-4-2 0 
^pp(KOe) 

FIG. 2. Demagnetization curve measured, at room temperature, in the start- 
ing Ba hexaferrite particles. Inset: field dependence of the associated differ- 
ential susceptibility. 

sured) was of 6225 Oe. Upon milling, the different samples 
exhibited, at all the considered temperatures, smooth demag- 
netization curves indicating the occurrence of coupling be- 
tween the two present magnetic phases. In Fig. 3 we present 
a loop measured at room temperature and with a maximum 
applied field of 8 kOe in the x = 0.9 sample. Very interest- 
ingly, the loop was measurably displaced (36 Oe) in the 
sense of the negative fields (see the inset in Fig. 3). The 
magnitude of this displacement decreased with the decrease 
of the Fe volume percentage. In the upper inset in Fig. 3, we 
present the evolution with the applied demagnetizing field of 
the room temperature differential susceptibility measured in 
the x = 0.9 sample. The demagnetization of the softest (a-Fe) 
regions of the sample originated from the low field peak after 
which the susceptibility monotonously decreased. A com- 
parison of the behavior observed in the precursor Ba hexa- 
ferrite particles with that measured in the composite samples 
showed that the field range in which the demagnetization of 
the hard phase proceeded was, in both cases, clearly differ- 
ent, whereas in the case of the precursor powders (Fig. 2) 
that range spanned —4000 Oe around the critical field, in the 
case of the composite samples (Fig. 3) the demagnetization 
took place due to the Fe-Ba hexaferrite interactions in a 
much wider field region starting at fields of the order of those 
involved in the a-Fe reversal and spanning up to 12 kOe. 
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FIG. 3. Hysteresis loop measured, at room temperature, in the * = 0.9 
sample. Upper inset: field dependence of the associated differential suscep- 
tibility. 
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plots. 

Our results for the field evolution of the isothermal, M,, 
and demagnetization, Md, remanences are presented in Fig. 
4. [M ,• was measured by increasing (starting from the demag- 
netized state) the maximum applied field up to 8 kOe and Md 

was obtained by first saturating the sample under a magne- 
tizing 8 kOe field and then applying increasing demagnetiz- 
ing fields down to —8 kOe.] In Fig. 4 it is observed in both 
samples that the 8 kOe isothermal and demagnetization re- 
manences are different. As a consequence of this asymmetry, 
the delta plots (see the insets in Fig. 4 where we have repre- 
sented the field evolution of the quantity 8M = [Md(H)IMj{% 
kOe)]-{l-2[M,(//)/M,(8 kOe)]}9) evidenced the occur- 
rence of positive (magnetizing) interactions in the high field 
range. The magnitude of the high field SM value decreased 
with the increase of the Ba hexaferrite volume percentage. 

IV. DISCUSSION 

The preparation procedure and the absence (in the dif- 
fractograms taken in the Fe-rich samples) of any Ba hexafer- 
rite reflection led us to suppose that in these samples the Ba 
hexaferrite particles were fully embedded in the much larger 
a-Fe ones. We also will assume that the only interaction 
between both phases was the dipolar one. This assumption 
was supported by the characteristics of the preparation pro- 
cedure of the composite samples (which does not result in 
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intimate phase contact) and by the absence of any milling 
process-induced secondary phase. In particular we have not 
detected any Fe oxide which, considering the resolution of 
the x-ray diffraction, could be nevertheless present in small 
amounts. We would like to note that our Fe particles are 
large (they have typical dimensions of the order of tens of 
/urn) and therefore their reversal process should not be sig- 
nificantly influenced by a possible exchange induced anisot- 
ropy related to the occurrence of surface oxides. Thus, we 
propose that the observed loop displacement and remanence 
asymmetry should result from the local fields, created in the 
soft regions of the samples by the Ba hexaferrite particles. 
Let us remark in this sense that the loop in Fig. 3 is not a 
saturation one: the maximum applied field is smaller than the 
field for which the demagnetization differential susceptibility 
of the samples goes to zero (that maximum field and those 
applied in the remanence measurements are, nevertheless, 
much larger than the field for which the a-Fe reverses its 
magnetization). Therefore, for the fields considered in the 
remanence measurements a substantial fraction of the Ba 
hexaferrite particles are unreversed, that is, have magnetic 
moments still pointing along the hemisphere centered along 
the direction of the initial magnetizing field. Our point is 
that, when both phases are close to saturation, the stray fields 
created by the Ba hexaferrite nanoparticles originate signifi- 
cant fluctuations of the local internal field inside the a-Fe 
particles. The magnitude of those fluctuations depends of the 
relative orientations of the magnetizations of the a-Fe and 
Ba hexaferrite particles. If we assume, for instance, that the 
presence of a single platelet-shaped Ba hexaferrite particle is 
embedded in the central region of a spherical a-Fe one with 
the magnetization vectors of both particles perpendicular to 
the bases of the platelet and pointing in the same sense (see 
Fig. 5), the (demagnetizing) dipolar field in the a-Fe region 
close to the bases of the platelet is lower than that existing in 
the same region if the Ba hexaferrite particle was absent. 
(There are also regions close to the platelet lateral surface 
where the local demagnetizing field is increased but, due to 
the platelet geometry, the volume of these regions is smaller 
than that corresponding to the regions where the demagne- 
tizing field decreases.) The (predominating) decrease of the 
local dipolar field results in a coercivity increase (a shift in 
the negative field sense of the hysteresis loop). Conversely, if 
the magnetization of the a-Fe particle were already reversed 
and, as in our remanence experiments, that of the Ba hexa- 
ferrite platelet were still pointing along the original satura- 
tion direction, the dipolar field created by the hard particle 
reinforces that associated to the poles in the surface of the 

Him lOCal = Happ + (l/3)MsFe -MsFemte 

H app 

M, •Fe 

M, Ferrite 

t 
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FIG. 5. Simplified scheme of the internal field in a spherical a-Fe particle 
with a single platelet-shaped Ba hexaferrite particle embedded in its central 
region. 

soft particle, resulting in an easier a-Fe reversal. In terms of 
energy, our simplified description of the influence of the di- 
polar interactions in the reversal process can be summarized 
by stating that when the moments of the a-Fe particle and 
the Ba hexaferrite platelet point parallel, the dipolar energy 
of the composite particle is clearly lower than that stored by 
if both moments point antiparallel. We also would like to 
propose that, since the Ba hexaferrite particles have typical 
dimensions corresponding to, approximately, one third of the 
a-Fe domain wall width, the local dipolar field fluctuations 
should predominantly influence the nucleation process. The 
nucleation field is minimized if the wall is originated around 
defects having transverse dimensions of the order of the 25% 
of the total domain wall width,10 whereas the pinning effects 
should predominantly be linked, for the dimensions of our 
Ba hexaferrite particles, to the spatial fluctuations of the par- 
ticle density. 
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In contrast to ferromagnets, where low frequency surface excitations typically have frequencies in 
the 10 GHz range, surface excitations in antiferromagnets are often in the several hundred GHz to 
few THz range. Theoretical predictions for surface spin waves on antiferromagnets indicate that 
they should be highly nonreciprocal, i.e., the properties of a wave with wave vector + k would be 
very different from those with a reversed wave vector of —k. Surface spin waves on 
antiferromagnets have recently been measured using a high resolution Fourier transform infrared 
spectrometer. The results show evidence of both true surface modes and surface resonances. The 
nonreciprocal features of the surface modes are seen in a dramatic nonreciprocal reflection. For 
example, the reflectivity can be 80% for one orientation, but when the incident and reflected waves 
are reversed the reflectivity drops to near zero. While the initial measurements were done on a bulk 
antiferromagnet, we also present calculations showing the results for thin films. © 1998 American 
Institute of Physics. [S0021-8979(98)36811-5] 

The properties of antiferromagnets have recently re- 
ceived renewed attention for a variety of reasons. Many an- 
tiferromagnets are insulators and therefore have very differ- 
ent properties from the thoroughly studied ferromagnetic 
metals of Fe, Ni, and Co. For example, anisotropy fields in 
antiferromagnets are often in the 100 kG range compared to 
the 1 kG or less found in the transition metals. Also, antifer- 
romagnets play an important role in the exchange biasing1 of 
ferromagnetic films, a feature of current importance in mag- 
netoresistive reading heads.2 Again in contrast to ferromag- 
nets, antiferromagnets can have long-wavelength spin exci- 
tations in the infrared (IR) frequency regime. This makes 
antiferromagnets of interest for signal processing in the in- 
frared. 

In this paper we report on theoretical and experimental 
studies of the infrared reflectivity from a bulk antiferromag- 
net sample of FeF2. We concentrate in particular on the sur- 
face spin waves that propagate in this structure. In contrast to 
the bulk waves, the surface waves show significant 
nonreciprocity3 in that reversing the wave vector can signifi- 
cantly change the frequency of the excitation when the sys- 
tem is in the presence of an external magnetic field. In a 
reflectivity experiment this corresponds to interchanging the 
incident and reflected waves, and a nonreciprocal reflectivity 
is also observed. 

We also indicate the possibility of IR studies of thin 
antiferromagnetic films by theoretical calculations. In very 
thin ferromagnetic films, it is the surface waves which will 
have the lowest frequencies and which are most easily mea- 
sured. This is likely to be true in antiferromagnets as well, 

a'Electronic mail: rcamley@brain.uccs.edu 

and our initial calculations show that it should be possible to 
see signals from antiferromagnetic films with thicknesses in 
the 100-1000 A range. 

In the long-wavelength limit the reflectivity of a mag- 
netic insulator is governed primarily by the frequency depen- 
dent permeability tensor. For the antiferromagnet, a calcula- 
tion of this tensor begins with the equations of motion for the 
spins on the two sublattices: 

dt 
^rCM.xHf), 

and 

dM 

dt 
2 = r(M2xHf). 

(1) 

(2) 

In the above equations M) and M2 are the magnetizations on 
the two sublattices, y is the gyromagnetic ration, and Heff is 
an effective field acting either on sublattice 1 or 2. 

The effective field is composed of a number of contribu- 
tions. For example the effective field acting on sublattice 1 is 
given by 

Heff= Hexchange+ Hanisotropy+ R    . fa 
dipolar' (3) 

with a similar expression for the effective field on sublattice 
2. Here H0 is the applied field. The exchange field is typi- 
cally the largest of all the fields above with a magnitude on 
the order of 100-1000 kG. A key point to notice is that the 
exchange field acting on sublattice 1 comes primarily from 
the magnetization on sublattice 2, i.e., 

H exchange _ \M, (4) 

where X is the exchange coupling constant. Even in the long- 
wavelength limit, the two sublattices do not have to be par- 
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allel and as a result the large exchange field produced by 
sublattice 2 influences the motion of sublattice 1 through Eq. 
(1). 

The large exchange field is a significant difference be- 
tween the ferromagnet and the antiferromagnet and explains 
why antiferromagnet excitations lie in the infrared while 
long-wavelength ferromagnetic spin wave frequencies are in 
the few GHz region. In the ferromagnet—in the long wave- 
length limit—the exchange field is simply proportional to the 
magnetization: 

Hexchange=XM_ (g) 

As a result the contribution of the exchange field in the equa- 
tions of motion is zero since MX \M= 0. So even though the 
exchange field is very large, it does not influence the motion 
of the spins. In the antiferromagnet, however, the exchange 
field does play a role, and the resulting frequencies are much 
higher. 

Using the expressions for the exchange field and any 
external and anisotropy fields, the coupled equations of mo- 
tion for the two sublattices can be solved to relate the dipolar 
driving fields to the fluctuating magnetization. We assume a 
time dependence of exp(—icot) for all the dynamic fields and 
obtain the frequency dependent susceptibility tensor defined 
through the equation 

M = *(«)hdipolar- (6) 

The frequency dependent permeability is then found through 
the usual definition 

ti{(o) = l+477*(a>). (7) 

The explicit form for the permeability can be found in Ref. 4. 
Having found the permeability, the electromagnetic modes 
for the antiferromagnet may be found in the usual way.5 One 
looks for wavelike solutions which satisfy Maxwell's equa- 
tions inside and outside the antiferromagnet. These solutions 
are then matched at the surface of the antiferromagnet and 
this results in the dispersion relation. The reflectivity may 
also be calculated similarly.6 

We note that a number of different structures and geom- 
etries have been considered theoretically in the literature. 
Both easy plane and uniaxial antiferromagnets have been 
studied, and general geometries with arbitrary directions for 
the applied magnetic field and for the direction of propaga- 
tion have been examined. Much of this work is summarized 
in the review article found in Ref. 7. 

We consider a geometry where the surface of the anti- 
ferromagnet lies in the xz plane. The results take a particu- 
larly simple form for a uniaxial antiferromagnet where the 
easy axis and the external field are both along the surface and 
parallel to each other (along the z axis), and the direction of 
propagation is perpendicular to the external field, i.e., in the 
xy plane. We look for electromagnetic waves with the elec- 
tric field parallel to z and the magnetic field in the xy plane 
(s polarized). With no external field, one may find that the 
permeability tensor is given by 

0     0\ 

0    , (8) 

1/ 
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FIG. 1. Dispersion relations for bulk and surface polaritons in FeF2. The 
frequency, O)I2TTC, is given in wave numbers. The applied field is zero and 
so both bulk and surface modes are reciprocal, i.e., io( + kx) = io( — kx). 
Propagation is perpendicular to the easy axis. 

where 

fli(ü))=l- 
8TTHAM 

2       T ■ (9) 

Here w0 is the resonance frequency given by 

w0=y[HA(2HE+HA)]m, (10) 

and M is the saturation magnetization of one of the sublat- 
tices. In FeF2 the anisotropy field HA=\91 kG and the ex- 
change field #£=533kG, and M = 0.56kG. With a gyro- 
magnetic ratio of y= 0.105 cm_1/kG this gives a resonance 
frequency of 52.4 cm-1 or about 1500 GHz. 

When the applied field is zero the dispersion relations 
have relatively simple forms. The dispersion relation for the 
bulk polaritons in zero field is given by the usual relation. 

(11) 
r.2 ,   k2__ ki + ki=e/jilo)2/c2, 

where kx is the component of the wave vector parallel to the 
surface and ky is the wave vector component perpendicular 
to the surface. The dispersion relation for surface polaritons 
is given by an implicit dispersion relation 

kl = 
Mi 

1 Mi 
2    /U-1WZ/CZ. (12) 

The results for the bulk and surface polaritons in FeF2 with 
zero applied field are shown in Fig. 1. We see two frequency 
regions which represent the bulk excitations. Between the 
bulk bands we see a surface mode which is reciprocal, i.e., 
the frequency does not depend on the sign of the wave vec- 
tor. 

A very different dispersion curve is found when there is 
an external magnetic field as can be seen in Fig. 2. Now there 
are three bulk bands. While the bulk modes are reciprocal, 
the surface modes are clearly nonreciprocal. For example, 
one mode which exists at higher frequencies for — kx has no 
counterpart for +kx in the same frequency range. We note 
that for the geometry considered here reversing the applied 
field is equivalent to a reversal of the propagation direction. 
Thus one may determine nonreciprocal propagation and re- 
flectivity characteristics by leaving the optical setup un- 
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FIG. 2. Dispersion relations for bulk and surface polaritons in FeF2 with an 
applied field of 3 kG. In contrast to the H=0 case there are now three bulk 
bands and the surface modes are strongly nonreciprocal. 

>    1    1    |    1    1    1 1 '  '  ' 

0.8 - f\ ~»— gap region 
0.7 - 

I                               ■ 
0.6 

- \ 

« 
bulk modes   _ » 0.4 bulk modes 

0.3 - 
0.2 - - 
0.1 

surface mode 

, <  i I i  i  i i .  ,  , , i  , , , , i ,  , , , 

SO 51 52 S3 54 55 

Frequency (cm'") 

FIG. 4. Experimental and theoretical ATR reflectivity as a function of fre- 
quency for FeF2 in zero field. The broad regions of depressed reflectivity 
represent losses to bulk modes. The sharp dip in reflectivity represents the 
loss to the surface mode. The angle of incidence in the prism is 30° and the 
gap between the prism and the antiferromagnet is 17 pm. 

changed and simply reversing the applied field. This is a 
much simpler procedure experimentally and we use this 
method. 

Since these excitations are in the infrared, it is natural to 
use infrared radiation as a probe. We note that this has been 
done in the past using a laser at a single frequency,6'8 and 
also with a Fourier transform infrared (FTIR) system.9 How- 
ever, none of these experiments truly identified the surface 
modes. There are several reasons for this. First, the fre- 
quency gap between the bulk and the surface modes is quite 
small, requiring a system with high frequency resolution. 
Second, an ordinary reflectivity measurement is normally 
sensitive to bulk modes and not to surface modes. 

To overcome the difficulties outlined above, we have 
used a specially designed FTIR system with a resolution on 
the order of 0.01 cm-1. This requires the scanning arm of the 
interferometer to be about 1 m long. Additional information 
on the interferometer may be found in Ref. 10. In addition 
we use the attenuated total reflection (ATR) technique which 
allows the external radiation to couple to the surface modes 
effectively.11 This technique is illustrated in Fig. 3. External 
light is incident on a Si prism with dielectric constant e 
= 11.57. Because of the high index of the prism, the light is 
totally internally reflected at the base of the prism and the 
reflectivity, in the absence of a sample, would be unity. 
However, there is an evanescent wave below the prism base 
which can couple to electromagnetic modes in the sample. 
When this occurs, the reflectivity is reduced from unity since 
some of the energy is transferred to the sample. 

incident wave reflected wave 

prism 

-+k. 

antiferromagnet 

applied 
field 

FIG. 3. ATR reflectivity geometry. Reversing the incident and reflected 
waves reverses the direction oik.. 

To understand the ATR curves, it is helpful to plot the 
dispersion curve representing the incident light in the prism 
on top of the magnetic polariton dispersion curves. When we 
write the dispersion relation in terms of the component of the 
wave vector parallel to the surface we obtain 

kx=((i)/c)y]e sin 6. (13) 

This gives the straight lines shown in Figs. 1 and 2 for posi- 
tive and negative kx. Where the dispersion curve (or scan 
line) of the incident light crosses the bulk or surface modes 
of the antiferromagnet, there can be a loss of energy from the 
incident wave to the modes of the antiferromagnet and a 
corresponding reduction in reflected intensity. Thus a broad 
region of depressed reflectivity corresponds to the existence 
of bulk bands, while a sharp dip at one particular frequency 
corresponds to a surface mode. 

In Fig. 4 we plot the ATR reflectivity for the case of zero 
field. The temperature here and in Fig. 5 is 1.7 K. In this plot 
we see two broad regions of depressed reflectivity corre- 
sponding to the two bulk bands of Fig. 1. In between there is 
a sharp dip in reflectivity, corresponding to the surface mode, 
and then an increase in reflectivity corresponding to the gap 
between the bulk modes. It is clear that the experimental 
results are in very good agreement with both the theoretical 
calculations for ATR reflectivity and for the dispersion rela- 
tions calculated in Fig. 1. 

In Fig. 5 we again plot ATR reflectivity presently for a 
field of ± 3 kG. From the dispersion curve in Fig. 2, we 
expect a total of three regions of reduced reflectivity corre- 
sponding to the three bulk bands. In addition we expect 
sharper dips representing the surface modes. These features 
are all present in Fig. 5. A key feature to note is that the 
surface modes appear at different frequencies depending on 
the sign of applied magnetic field. This clearly demonstrates 
the expected nonreciprocity of the surface modes. It may be 
possible to exploit this nonreciprocity for signal processing 
in the infrared. For example the ATR reflectivity near 
52.5 cm-1 is close to zero for positive field. In contrast, the 
wave traveling in the reversed direction (equivalent to re- 
versing the applied field) has a reflectivity of close to 80%. 
Thus this system might be used as the basis for a nonrecip- 
rocal isolator in the infrared. 
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FIG. 5. ATR reflectivity as a function of frequency for FeF2 with an applied 
field of 3 kG. The angle of incidence in the prism is 30° and the gap between 
the prism and the antiferromagnet is 17 fim. Note the large nonreciprocity in 
frequency at 52.5 cm-1. The smooth curves are the theoretical results and 
the thinner, jagged lines are the experimental results. 

By doing measurements with different angles of inci- 
dence inside the prism, one can trace out the behavior of the 
edges of the bulk band and the position of the surface mode. 
In addition one can also use ordinary reflectivity. The 
results12'13 are in excellent agreement with the theoretical 
calculations shown in Figs. 1 and 2. Other recent reflectivity 
studies on FeF2 in a different geometry also show excellent 
correspondence between theory and experiment.14 

The properties of thin antiferromagnetic films, or of an- 
tiferromagnetic films coupled to ferromagnets in an ex- 
change biasing configuration may be quite different from 
those of bulk antiferromagnets. It is therefore of interest to 
see whether the infrared studies of bulk materials can be 
extended to thin films. In Fig. 6 we plot the ordinary infrared 
reflectivity (not ATR reflectivity) seen from a 1000 Ä FeF2 

film on a Si substrate. If the linewidth is on the order of 500 
G, the signal is small. However, if the linewidth is only 50 G 
the signal is quite substantial with a change in reflectivity on 
the order of 15%. Linewidths in antiferromagnets can vary 
substantially depending on the quality of the crystal. Our 
bulk sample showed a linewidth on the order of 400-500 G 
at low temperatures. However some samples have been re- 
ported with linewidths an order of magnitude or more 
lower.15 

The current FTIR system is sensitive to about a 1% 
change in reflectivity. If an antiferromagnetic film has a line- 
width on the order of 50 G, this would lead to the conclusion 
that one should be able to observe a signal from an antifer- 
romagnetic film with a thickness of about 100 Ä. Improve- 
ments in the signal to noise ratio might therefore easily allow 
much thinner films to be studied. Alternatively, one could 
form a superlattice where the unit cell contained, say, a 100 
A antiferromagnetic film. Ten repeats of this structure would 

1000 Ä of FeF. on Si substrate 

T -r 
linewidth = 500 G 

linewidth -' 200 G 

linewidth = 50 G 

Frequency (cm ) 

FIG. 6. Ordinary reflectivity from a thin FeF2 film on a Si substrate for 
different linewidths. The applied field is 1.5 kG, and the angle of incidence 
is 45°. 

give 1000 Ä of antiferromagnet. In this case a signal should 
be observable even with the higher linewidths. 

What could be expected from studies of thin antiferro- 
magnetic films? We know that in ferromagnets surface an- 
isotropy fields or interfacial exchange fields can substantially 
change the surface spin wave frequency.16 Measurements of 
this frequency can then be used to determine these surface 
and interface parameters. Initial calculations17 show that the 
spin wave modes in antiferromagnets will also be sensitive to 
surface and interfacial properties. Thus IR probes, either with 
the FTIR system or with a narrow linewidth laser of thin 
antiferromagnetic films may be helpful in understanding the 
exchange biasing effect. 
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Strain induced alteration of the gadolinium surface state 
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The electronic structure of strained and unstrained Gd(0001) has been studied with photoemission, 
inverse photoemission, and spin-polarized photoemission. A shift of the occupied majority and 
unoccupied minority surface states has been observed as a result of the strain, consistent with the 
phase accumulation model. There is a strain induced shift of the minority spin surface state across 
the Fermi level.   © 1998 American Institute of Physics. [S0021-8979(98)28611-7] 

Surface states may experience a shift in binding energy 
due to strain.1 For magnetic surfaces the spin dependent shift 
of the surface majority and minority subbands near the Fermi 
level can result in a variation of the spin population at dif- 
ferent wave vectors k. This will have a substantial influence 
on the magnetic behavior of the surface. The subject of this 
article is the effect of strain on the electronic structure of the 
surface of gadolinium. We show consistency with the effects 
recently demonstrated by Neuhold and Horn1 on the surface 
of Ag(lll). 

The surface magnetism of gadolinium has been the sub- 
ject of controversy over the past years, mainly as a result of 
the proximity of the 5dz2_r2, 6s surface states to the Fermi 
level. Strain substantially alters the electronic structure of 
gadolinium2"4 and is expected to result in a shift of the sur- 
face state binding energies. We have been able to obtain 
•strained films of gadolinium, with an increased lattice con- 
stant of approximately 4% by growing gadolinium on the 
corrugated surface of Mo(112).2"4 

We investigated the occupied and unoccupied electronic 
structure of thin films of strained and unstrained Gd(0001). 
Spin-polarized photoemission experiments were carried out 
at the new U5UA undulator beamline of the National Syn- 
chrotron Light Source (NSLS) at the Brookhaven National 
Laboratory in Upton, NY. The details of the experimental 
setups are described elsewhere.5'6 Inverse photoemission 
spectra were acquired in a different UHV system2 in the 
isochromatic mode (hoj = 9AtV) with a Geiger-Müller 
tube and an electron gun based on the Zipf design.7 Strained 
and unstrained thin films of Gd, 10-40 ML thick, were 
grown by slow thermal deposition on Mo(112) and W(110) 
substrates, respectively. The surface and bulk character of 
the bands has been determined from chemisorption studies 
and photon energy dependence, while the symmetry of the 
bands has been ascertained from the light polarization depen- 
dence as described in detail elsewhere.2 

The influence of strain on the surface electronic structure 
of Gd is illustrated in Fig. 1, which compares two normal 
emission photoemission spectra that were taken for strained 
and unstrained Gd(0001). Both spectra have been acquired 

with a photon energy of 33 eV for films of similar nominal 
thickness of approximately 15 ML. The valence band of the 
strained Gd(0001) films is distinct from that of the relaxed 
films. The binding energy of the 5d, 6s strained bulk bands 
at 1.8 eV below EF differs from the unstrained bulk bands 
observed at approximately 1.5 and 0.8 eV below EF at the 
surface Brillouin zone center. More significant, the narrow 
surface state near the Fermi level of the unstrained Gd(0001) 
is shifted towards higher binding energy and appears sub- 
stantially broadened. 

The origin of the clearly altered valence-band states and 
broader density of states near the Fermi level of strained Gd 
is revealed by the spin resolved electronic structure, shown 
in Fig. 2. The unstrained Gd(0001) valence band at the Bril- 
louin zone center (F) is characterized8 by Stoner-like ex- 
change split 5d bulk bands at binding energies of approxi- 
mately 1.5 (majority) and 0.8 eV (minority) and two sets of 
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FIG. 1. Normal emission photoemission spectra for strained (bottom) and 
unstrained (top) films of Gd(0001), acquired with a photon energy of 33 eV. 
The inset shows a comparison of a strained (bottom) and unstrained (top) 
Ag(lll) surface from Ref. 1. 
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FIG. 2. Spin-polarized photoemission spectra for strained (bottom) and un- 
strained (top) Gd(0001) at normal emission and approximately 145 K. The 
spectra were acquired with a photon energy of 34 eV. The inset schemati- 
cally plots the binding energy shifts of the surface (solid) and bulk (dashed) 
spin subbands as a function of increased expansive strain. 

spin majority and minority subbands of the surface on either 
side of the Fermi level. The occupied predominantly spin- 
mixed majority 5dz2_r2, 6s surface state is located at ap- 
proximately 0.1 eV below EF (Fig. 2) and the unoccupied 
minority counter part of the surface state at approximately 
0.3 eV above the Fermi level9 (Fig. 3) (though this is depen- 
dent on temperature well away from rc).10 

In the strained Gd films the bulk spin majority and mi- 
nority subbands are found at approximately 1.8 eV binding 
energy at F, with negligible Stoner-like exchange splitting.3 

There are three features near the Fermi level (0 to 1 eV 
binding energy) in the valence band of the strained Gd films. 
Two features, the spin majority state at 0.7 eV below EF and 
the spin minority state at 0.2 eV binding energy are Stoner- 
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FIG. 3. The unoccupied density of states for strained (bottom) and un- 
strained (top) films of Gd(0001). The spectra were taken at approximately 
300 K. The data for the unstrained Gd has been extracted from Ref. 9. 
Surface and bulk features are indicated by the surface state (SS) and bulk 
state (BS), respectively. 

like exchange split surface bands. The surface character of 
these two states has been verified by their sensitivity to small 
amounts of adsorbates and their two dimensionality of state. 
Both surface sensitive features do not disperse with changing 
perpendicular momentum2 and are therefore confined to the 
two-dimensional plane at the surface. The third feature in the 
valence-band region near EF, an additional bulk band of 
majority character, is located in the exchange splitting gap at 
approximately 0.4 eV binding energy at T/Tc<0.7. 

The two occupied bands closest to EF, the spin minority 
surface subband, and the spin majority bulk band are newly 
introduced into the occupied density of states as a result of 
the strain. Both bands are found in the unoccupied region for 
the unstrained Gd films as seen in Fig. 3. Expansive strain 
within the Gd films induces a "downward" shift of the un- 
occupied surface state across the Fermi level. This is consis- 
tent with the absence of the surface spin minority state (0.3 
eV above EF)9 in the unoccupied density of states of the 
strained Gd films. The spin majority bulk band at 0.4 eV 
binding energy of the strained Gd film is postulated to origi- 
nate from the unstrained bulk band, located approximately 
1.5 eV above the Fermi level,9 at zone center, crossing the 
Fermi level about halfway across the zone in unstrained Gd. 
This shift in binding energy at F is illustrated in the inset of 
Fig. 2. More detailed studies of the occupied and unoccupied 
density of states are, nonetheless, necessary to confirm this 
postulate. 

From our data it is clear that the spin majority 5<fz2_r2, 
6s surface state is shifted from 0.2 eV binding energy for the 
unstrained Gd films to 0.7 eV in the strained Gd(0001). A 
similar downward shift of 0.5 eV is observed for the spin 
minority counterpart, which is unoccupied for the "relaxed" 
Gd(0001) and found at a binding energy of approximately 
0.2 eV below EF due to strain (Fig. 2 inset). Concomitantly, 
the occupied spin minority (0.8 eV below EF) and unoccu- 
pied spin majority («»1.5 eV above EF) bulk bands of un- 
strained Gd experience large shifts of approximately 1.0 and 
1.9 eV, respectively. 

The shift to higher binding energies of the Gd surface 
states (majority and minority) under the influence of expan- 
sive strain is in agreement with the strain induced shifts of 
the surface state binding energy for Ag(lll),1 which is 
shown in the inset of Fig. 1. There, compressive strain results 
in the upward shift of the sharp Ag(lll) surface state across 
the Fermi level, where it is cut off by the Fermi function and 
undetectable with photoemission. In both cases the strained 
induced shift of the surface state(s) can be explained by the 
phase accumulation model.11-14 

Surface states originate from electrons confined to the 
top most layer of the solid, trapped in between the bulk band 
gap and the surface potential. A simple one-dimensional (so- 
called "phase accumulation") model11"14 can be employed 
to roughly describe the surface state energy. This simple 
model considers the surface electron in a one-dimensional 
quantum well, confined by the image potential on the 
vacuum side and the bulk band gap on the crystal side. The 
surface state energy is then determined by the lowest allowed 
quantum mechanical solution of the electron wave function. 
The energy of the surface state thus varies proportionally to 
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lid1, with d being the width of the well. In the phase accu- 
mulation formalism, d is dependent, among others, on the 
bulk band edges15 and the work function.11'13 Thus the strain 
induced shifts in binding energy of the surface states in ga- 
dolinium can be attributed to the altered majority and minor- 
ity bulk band gaps and the reduced work function of strained 
Gd, approximately 2.2 eV, as compared to 3.3 eV for the 
relaxed Gd film. 

Our results provide evidence that under expansive strain 
both spin components of the bulk bands are modified and 
results in a downward shift of the surface spin subbands. A 
change of the in-plane lattice constant of approximately 4% 
yields a surface state energy shift of 0.5 eV (Fig. 2 inset). 
The strain induced shifts of the bulk band edges (spin ma- 
jority and spin minority) of approximately 1 to 2 eV are 
substantially larger than those of the surface bands. The shift 
of each Gd surface state (one in the spin majority band struc- 
ture, the other in the spin minority band structure) is consis- 
tent with the observations and calculation for Ag(lll).1 

This study shows that strain can significantly alter the 
spin-polarized electronic structure of a ferromagnetic system 
like gadolinium in much the same way as strain affects a 
nonmagnetic system like Ag(lll). In a ferromagnetic sys- 
tem, we need to consider each surface state spin component 
in the appropriate spin-resolved band structure. It is only 
apparent in the spin-resolved band structure how similar the 
influence of strain is in both Ag(lll) and Gd(0001). 
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Co films — 970 A thick were deposited, simultaneously, on ten plasma-etched Si(100) substrates 
with various etch times t. The surface morphologies and magnetic properties of the Co films were 
measured by atomic force microscopy (AFM) and magneto-optic Kerr effect (MOKE) technique. 
The analysis of the AFM images shows that as the etch time t increased from 0 to 100 min, the 
vertical interface width w increased from — 5 to ~ 1400 Ä; the lateral correlation length £ increased 
from —300 to —10 500 A. The MOKE measurements provided the in-plane azimuthal angular 
dependence of the hysteresis loops and the change of loop shapes with the surface roughness. It was 
found that the magnetization reversal process changed with the surface roughness. Magnetization 
rotation dominated the magnetization reversal for the smoothest films. As the films roughened, the 
domain-wall pinning set in, eventually dominating the magnetization reversal for the roughest films. 
Additionally, the magnetic uniaxial anisotropy in the Co films disappeared as the roughness 
parameters increased. It was also found from MOKE that the surface roughness strongly affected the 
coercivity.   © 1998 American Institute of Physics. [S0021-8979(98)36911-X] 

It is known that surface/interface roughness of magnetic 
thin films and of superlattices influences magnetic properties, 
such as magnetic anisotropy, coercivity, magnetoresistance, 
and magnetic domain structure.1-3 Various works on the re- 
lationship between surface roughness and coercivity, of thin 
and ultrathin films, have been carried out.4"6 For examples, 
Malyutin et al.4 investigated the effect of surface roughness 
on the coercivity of chemically etched NiFeCo films (200- 
1000 Ä thick) and found that the coercivity of the film in- 
creased with the increase of etch time. During the etching, 
the thickness of the magnetic film decreased and the surface 
roughness increased with etch time. Vilain et al.5 investi- 
gated the dependence of coercivity on the surface roughness 
for electrodeposited NiCo alloy films. For ultrathin films, 
Jiang et al.6 investigated the coercivity of ultrathin Co films 
on Cu(100) substrate versus substrate roughness. The coer- 
civity of the 6-7 ML Co film increases from —70 Oe for 
deposition on an atomically flat Cu substrate, to —170 Oe for 
deposition on a Cu substrate roughened by Ar+ sputtering to 
a (vertical) interface width of —1.81 atomic-step heights. 
This demonstrates the sensitivity of coercivity on the surface 
roughness. 

In addition to the surface roughness, it is known that the 
thickness, the composition, the crystalline structure of the 
magnetic film, and the preparation conditions also determine 
the magnetic properties of the films. Therefore, to understand 
the interrelationship between roughness and magnetic prop- 
erties, other factors influencing the magnetic properties must 
be controlled. In the present study, we deposited — 970 Ä Co 
films simultaneously (and thus identically) on ten plasma- 

a'Electronic mail: wangg@rpi.edu 

etched Si(100) substrates by thermal evaporation in high 
vacuum and studied the effect of the surface roughness on 
the magnetic properties of —970 A Co films. 

Ten n-type Si(100) substrates were etched by plasma- 
etching gases (CF4 and 4% 02) with an etch rate of 1500 
A/min to various degrees of roughness in a standard plasma- 
etching chamber. The etch times t were 0, 1,5, 10, 20, 30, 
40, 60, 80, and 100 min, respectively. The surface morpholo- 
gies of these roughened Si(100) substrates were imaged by 
atomic force microscopy (AFM) with a Si3N4 tip. Then, 
these rough Si(100) substrates were arranged on a large sup- 
porting plate in another high-vacuum chamber. The Co at- 
oms were thermally evaporated from a crucible onto these 
ten Si(100) substrates simultaneously. The base pressure was 
5X10-7 Torr and the pressure increased to 5X10-6 Torr 
during deposition. A quartz crystal monitor indicated a depo- 
sition rate of —0.8 Ä/s and — 970-Ä-thick Co films formed 
after about 20 min deposition. The starting substrate tem- 
perature was at the ambient temperature and the substrate 
temperature rose during the deposition due to the filament 
needed to heat the Co source. The characterizations were 
carried out in ambient air at room temperature. The surface 
morphology of the Co film was imaged by AFM. The hys- 
teresis loops were measured by the magneto-optic Kerr effect 
(MOKE) technique.7 

All of the AFM images from AFM measurements 
showed islandlike features with a wide distribution of sizes 
and separations. Figure 1 shows four typical AFM images of 
the —970 A Co films deposited on the plasma-etched Si(100) 
substrates. As illustrated by the increasing scan size for suc- 
cessive etch time t, the average size and separation of the 
features increased with increasing etch time t.  For etch 
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FIG. 1. Four grey-scale AFM images of ~ 970- Ä -thick Co films deposited 
on Si(100) substrates etched for times t= 1, 15, 30, and 60 min. Note, the 
scan size increases. 
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FIG. 2. MOKE hysteresis loops at three in-plane azimuthal angles (0°, 50°, 
and 90°) for three ~970-Ä-thick Co films. 

times longer than 20 min, the islandlike features connected 
to form a networklike morphology. The roughness param- 
eters, the (vertical) interface width w, and the (lateral) cor- 
relation length £ can be obtained by analyzing the height- 
height correlation function H(r,t), which can be calculated 
from AFM images.8 The vertical interface width w increased 
from ~5 to —1400Ä; the lateral correlation length £ in- 
creased from -300 to ~10 500 Ä. Table I lists the rough- 
ness parameters for different etch time t. 

The longitudinal hysteresis loops were measured for all 
of the Co films using an external magnetic field amplitude 
//0=128Oe with a frequency /=1.4Hz. For a given 
sample, the loop was measured as a function of in-plane 
azimuthal angle <p from 0° to 360°. The results indicate that 
the easy magnetization direction of the Co films lay in the 
film plane for all the samples studied here. There was in- 
plane uniaxial magnetic anisotropy in the Co films for etch 
times r<60min, whereas there was no detectable in-plane 
magnetic anisotropy in the Co films with the etch time t 
= 60 and 100 min. 

The directions of the easy axis and the hard axis in the 
film plane were determined from the azimuthal angle depen- 

TABLE I. The surface roughness parameters (vertical interface width w and 
lateral correlation £) of Co films vs etch time t. 

r(min) w(Ä) f(A) 

0 5±1.5 335±110 
1 15±1.6 310+105 
5 30±3 320±108 

10 150±5 677±213 
15 172±9 765 ±222 
20 453 ±24 2009 ±695 
30 485 + 15 2665 ±932 
40 574+18 3207±1160 
60 859 + 30 6795 ±2342 

100 1376±15 10475±3884 

dence of the loop shape. Figure 2 shows the hysteresis loops 
at different azimuthal angles for three typical samples with 
etch time t= 1, 15, and 60, min. For the samples with etch 
time fs£5 min, the shape of the loop changed from square- 
like, to spindlelike, to almost a straight line as the in-plane 
azimuthal angle changes in the range of 0°-90°. The loop 
had a squarelike shape, a high coercivity Hc and a high 
squareness S when the magnetic field was applied along the 
easy axis. When the magnetic field was applied along the 
hard axis direction, however, the loop was almost reversible; 
as a result, both S and Hc were close to zero. This suggests 
that the magnetization reversal process was dominated by 
magnetization rotation, and that the contribution to the mag- 
netization reversal from domain wall motion was negligible 
for samples with t = 0, 1, and 5 min. The uniaxial magnetic 
anisotropy field can be easily obtained from the hysteresis 
loops.9 

For samples with etch time f = 10, 15, 20, 30, and 40 
min, the twofold symmetry in the coercivity versus azi- 
muthal angle still existed, but all of the loop shapes were 
squarelike. The squareness lost its twofold symmetry, be- 
coming almost constant, independent of <p. Due to the in- 
creasing surface roughness, domain-wall pinning started to 
contribute to the coercivity. The magnetization reversal pro- 
cess was associated with both the domain wall motion and 
magnetization rotation. To make the magnetization reversal 
happen in these cases, the applied field H must overcome not 
only the domain-wall-pinning coercivity, Hcw, but also the 
component of the magnetic anisotropy field in the applied 
field direction, which is H'a = Ha cos tp. This means that the 
combined magnetic field should at least equal Hcw. There- 
fore, we have the following relation: 

H2
a = H2 + H'2-2HH' cos <P> (1) 

where <p again is the in-plane angle between the applied 
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FIG. 3. The easy axis coercivity and hard axis coercivity vs etch time for 
~970-Ä-thick Co films. The dashed curve is the fit using Hc„=awb/^c. 

field and the easy axis of magnetization, and H'a 

= (2Ku/Ms)cos <p. LettingH0 = HCV/, wndH=Hc, the mag- 
netization reversal will occur, and we have 

H=H'a cos cp+(H2
cw-H'a

2 sin2 cp)m. (2) 

By using this equation, we fitted the measured angular 
dependence of Hc for samples with t— 10, 15, 20, 30, and 40 
min, and obtained the magnetic anisotropy field Ha and an- 
isotropy coefficient Ku. 

For the samples with f>40min, the loop shape was 
squarelike, and there was no detectable in-plane magnetic 
anisotropy. At this point, the magnetization reversal was 
controlled mostly by the domain wall motion. 

The results of MOKE hysteresis loop measurements sug- 
gest that the magnetization reversal process in these Co films 
depended strongly on the surface roughness. With the in- 
crease of the surface roughness, the magnetization reversal 
process changed from the magnetization rotation (t 
< 10 min) to a combination of magnetization rotation and 
domain-wall motion (10min=Sf=£40min), and then to 
domain-wall motion (t>40 min). 

The coercivity determined from MOKE measurements is 
plotted in Fig. 3 versus etch time t and for samples with t 
<60 min, both the easy and hard axes coercivity are shown. 
The easy-axis coercivity Hc was, in general, a monotonically 
increasing function of the interface width, except for a dip 
around t = 30 min. Specifically, the Hc increased slightly be- 
tween 13 and 15 Oe for r^=5 min, peaked at —50 Oe for t 
= 15 min, came down to —25 Oe for f=30min, then in- 
creased again to —80 Oe for t = 60 min and —70 Oe for 100 
min. The hard-axis coercivity had a similar dependence on 
the etch time. The difference between easy axis coercivity 
and hard axis coercivity was due to the in-plane uniaxial 
anisotropy. The results indicated that Hc increased with the 
increase of the roughness. This is consistent with the predic- 
tion of Hc for a Bloch type of domain wall, for which Hc 

increases if the surface roughness increases for a given 

thickness.9 The overall decrease of the absolute values of Hc 

for £ = 20 min and f=30min samples, as compared with 
those of the t= 10 min and t= 15 min samples, might be due 
to the network formation (as in Fig. 1), which would make 
wall movements easier. As the etch time t increased further, 
the roughness increased and the Hc increased again for t 
>40 min. We fitted the hard-axis coercivity, i.e., the 
domain-wall pinning coercivity by using Hcv/=awb/£;c, 
which is shown in Fig. 3 by the dashed line.3 The roughness 
parameters used in the fit are the measured roughness param- 
eters listed in Table I. The fit parameters obtained are b 
= 2.40±0.05 and c= 1.00±0.01. The value of fit parameter 
a was an order of magnitude different in two etch time 
ranges: a = 0.135±0.005 for r<20min and a = 0.019 
±0.005 for ^20 min. This change coincides with the for- 
mation of the networklike features in the morphology after a 
20 min etch. This suggests a quantitative correlation between 
domain-wall coercivity and surface roughness. It is expected 
that, as the film thickness decreases, the enhancement of the 
coercivity due to surface roughness would be more dramatic. 

The origin of the in-plane uniaxial magnetic anisotropy 
is not clear yet. It might be related to the stress built up 
during the film deposition10 due to the different thermal ex- 
pansion coefficients of the substrate and of the Co film. From 
MOKE measurements, the uniaxial magnetic anisotropy Ku 

decreased from 1.3X 103 J/m3 for t=0 min to 0 J/m3 (no an- 
isotropy) for t= 100 min with the increase of the etch time. A 
possible reason for the decrease in Ku is that, when the sur- 
face became rougher, the stress between the Co film and the 
Si substrate was more easily relieved. Additionally, since the 
dispersion of the easy axis is expected to increase with the 
increase of the surface roughness, the uniaxial anisotropy 
would average out for differently oriented crystalline grains 
in a polycrystalline film. It is expected that when the mag- 
netic thin film gets thinner, the effect of the surface rough- 
ness on the magnetic properties will be more dramatic and is 
worth further systematic studies. 
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The behavior of chemical and magnetic interfaces is explored using diffuse x-ray resonant magnetic 
scattering (XRMS) for CoFe thin films with varying interfacial roughnesses. A comparison of the 
chemical versus magnetic interfaces shows distinct differences in the behavior of these two related 
interfaces as the chemical roughness is increased. Such changes appear to be correlated with the 
behavior of the magnetic hysteresis of the interface, measured by tracking the diffuse XRMS 
intensity as a function of applied magnetic field. © 7995 American Institute of Physics. 
[S0021-8979(98)17511-4] 

I. INTRODUCTION 

The influence of roughness on the properties of thin film 
magnetic structures is a question of current interest to many 
facets of the magnetism community. Current results have 
shown that direct measurements of magnetic roughness as 
compared to measurements of the chemical roughness indi- 
cate that these interfaces are compositionaly rough, but mag- 
netically smooth.1'2 Since the magnetotransport of these 
structures is strongly affected by interfacial scattering and in 
particular by magnetic disorder at the interface,3"5 chemical 
roughness may not be the appropriate parameter for correla- 
tion with the degradation of the magnetic properties. 

The formalism for the determination of the nature of 
chemical interfaces and surfaces using specular and off 
specular (diffuse) scattering is a well established field.6'7 

However, to probe information about a magnetic interface 
one needs a significant magnetic scattering signal. One way 
of providing this is through the resonant enhancement of the 
magnetic and chemical scattering when an incident circular 
polarized photon is tuned to an absorption edge, known as 
x-ray resonant magnetic scattering (XRMS).8-13 Utilization 
of a circular polarized photon, like its absorption counterpart 
magnetic circular dichroism (MCD),14 generates the mag- 
netic scattering component. Recently XRMS has been ap- 
plied to the study of magnetic roughness. From both 
specular2 and diffuse1 studies of magnetic thin film structures 
comes evidence of differing chemical and magnetic inter- 
faces. 

To better understand the variation of magnetic versus 
chemical interfaces we have undertaken a study of thin CoFe 
films where an increasing chemical roughness was induced 
through the growth process. The results clearly show that the 
chemical and magnetic interfaces do not behave in the same 
manner as the root mean square (rms) chemical roughness is 
increased. Also, we will demonstrate the possibility of using 

"'Author to whom correspondence should be addressed: Naval Research 
Laboratory, NSLS Bldg. 725A/U4B, Upton, NY 11973; electronic mail: 
freeland @bnlls3 .nsls.bnl.gov 

variations in the magnetic diffuse intensity as a function of 
applied field as a probe of interfacial magnetic hysteresis. 

II. EXPERIMENT 

The reflectivity measurements were conducted at the 
NRL/NSLS Magnetic Circular Dichroism Facility located at 
beamline U4B of the National Synchrotron Light Source 
(NSLS).15 Details of the experimental apparatus and mea- 
surement conditions are described elsewhere.13'16 To probe 
interface roughness via the diffuse intensity we performed a 
sample rocking curve where the detector angle (20) was kept 
fixed and the sample angle («) was varied. In this configu- 
ration, a scan over a wave vector in the plane (qx) is per- 
formed while keeping the component perpendicular to the 
film (qz) approximately constant. To extract the magnetic 
information it is necessary to measure the helicity dependent 
scattering of the magnetic material (denoted as 7+ and 7"). 
So the magnetic moment of the sample was reversed at each 
data point to determine 7+ and 7~, which has been shown to 
be equivalent to alternating the photon helicity.17'18 

The CoFe alloys thin films were prepared by the rf sput- 
tering facilities of Nonvolatile Electronics Inc. The samples 
were grown on atomically flat Si3N4 substrates (roughness 
— 1.5 A rms) with the following structure: Cu(30Ä)/ 
Co95Fe5(50Ä)/Cu(xÄ)/Si3N4. Due to growth dynamics the 
rms roughness of Cu grown on Si3N4 increases dramatically 
as the thickness of the Cu buffer layer, x, is increased. Since 
the Cu buffer layer thickness can be controlled accurately, 
the roughness of the surface on which the CoFe is deposited 
can be tailored. For this study we utilized a series of four 
films with various Cu buffer layer thicknesses (x = 200, 400, 
800, and 1600 A) spanning a rms chemical roughness rang- 
ing from 2.5 to 32 Ä rms as measured by a Digital Instru- 
ments Dimension 3000 atomic force microscope (AFM) in 
tapping mode (resolution 10-50 Ä). Since the Cu cap layer 
is so thin, the topographical information provided by AFM 
should give an accurate measurement of the chemical rough- 
ness of the top CoFe/Cu interface. This will be important 
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FIG. 1. Sample rocking curve measured at the Co Lt edge (778 eV) for 
chemical [(/+ + /~)/2] and magnetic (I+ — I~) contributions vs qx. This 
scan was taken at a detector angle 20 of 9° (qz=0.062 Ä-1). Notice how the 
half width of the magnetic diffuse (TM) is smaller than that of the chemical 
diffuse (rc), indicating a longer correlation length, £ for the magnetic in- 
terface. 

when we compare it with the diffuse scattering results be- 
cause the short mean free path of the photon at the L3 edge19 

means that measurements made at grazing incidence (co 
<10c) for a 50 A CoFe film probe predominately the top 
CoFe/Cu interface. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the chemical [(/+ +I")/2] and the mag- 
netic (/+ —I~) contributions from a sample rocking (diffuse) 
scan measured at the Co L3 edge. The diffuse scan consists 
of a sharp specular peak around qx=0, with a broad under- 
lying diffuse component. Since roughness is the mechanism 
that channels flux from the specular peak into the diffuse 
component, values for the chemical and magnetic roughness 
(denoted as ac and crM, respectively) can be extracted by 
determining the fraction of total flux that resides in the dif- 
fuse part of the spectrum. This is accomplished by compar- 
ing the integrated areas of the specular [SSpecular(q)] vs dif- 
fuse [SdiffuseCq)] components using7 

 -^diffuSe(q)Aii = 1_e-(^)2     (1) 

JSdiffuse(qM2?ll + JSspecular(q)d2|7ll 

where q^ denotes integration over the (qx ,qy) plane, and a is 
the roughness perpendicular to the film plane. A second pa- 
rameter describing the roughness in the film plane, the lateral 
correlation length, £, is determined from the half width (rc 

and r M) of the diffuse portion of the sample rocking curves 
using a solution of diffuse structure factor (for a roughness 
exponent, h= l):6'7 

'diffuse' (q) = 
27rexp[-(<?zo-)2] 

m= 1 

(9*0") 
1m 

m\ 2^6XP 

(2) 

Results of the analysis of our thickness series are shown in 
Fig. 2 for both chemical and magnetic data. 

CD 
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FIG. 2. Roughness parameters derived from the diffuse scattering data. Top 
panel: Chemical and magnetic rms roughness. Bottom panel: Chemical and 
magnetic correlation lengths. 

The most important general result is the different behav- 
ior of both a and £ for the chemical versus magnetic inter- 
faces. The magnetic roughness in this series of samples is 
~20%-30% less than the chemical roughness. The same is 
seen for the behavior of the chemical versus magnetic corre- 
lation length (bottom panel of Fig. 2). This indicates that the 
magnetic interface is typically much smoother than the 
chemical interface both perpendicular to and in the plane the 
film. There is good agreement between the a roughness pa- 
rameters extracted from the x-ray scattering and from the 
AFM values (the straight line of the top panel of Fig. 2). The 
small disagreements can be addressed through a more de- 
tailed analysis of the AFM roughness data, which is not 
shown here due to space limitations. 

An interesting application of this technique becomes 
possible upon examination of the the specular versus diffuse 
element specific magnetic hysteresis measured by XRMS 
(see Fig. 3). The reflected intensity as a function of applied 
field can be utilized as a measure of the magnetic hysteresis 
since the magnetic portion of the scattering tracks with the 
magnetic moment of the sample. Since the field dependence 
specular peak intensity gives a measure of the bulk magnetic 
hysteresis, we can use the diffuse signal, which only comes 
from the interfaces, to measure the interfacial magnetic hys- 
teresis. In Fig. 3 the clear difference in the coercive and 
saturation fields of spins at the interface indicates the differ- 
ent nature of the bulk versus interfacial magnetic environ- 
ment. For the x = 400 Ä film shown in Fig. 3 the difference 
in coercive fields was 3.5±0.5 Oe. This was confirmed by 
measuring at not only several different points in the diffuse, 
but also in the specular and diffuse at different detector 
angles. It is worth noting that the sample indicating the larg- 
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FIG. 3. Comparison of magnetic hysteresis measured by XRMS at specular 
(bulk) and diffuse (interface) points for the x=400 Ä film (crAFM=10.9 Ä). 
Differences, such as the coercive field Hc, illustrate the different behavior 
of the bulk vs interfacial magnetic properties. 

est difference the between specular and the diffuse coercive 
field is also the one exhibiting a roughening of the magnetic 
interface as noted by the drop in £M and crM with respect to 
£c and crc (see Fig. 2). 

In conclusion, our results distinctly show that the chemi- 
cal and magnetic interfaces can have a very different char- 
acter. In addition, by tracking the diffuse intensity as a func- 
tion of applied field we find a very different behavior of the 
interfacial spins, which appears to be correlated with varia- 
tions of the chemical versus magnetic interface. 
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Soft x-ray resonant magnetic reflectivity measurements on thin films and multilayers in a transverse 
geometry using linear polarized photons are presented. Magneto-optic calculations taking into 
account the layer roughness allows us to reproduce all the experimental features of the angular and 
energy reflectivity curves as well as the asymmetry ratio in both cases. Application to Fe^Mn,^ 
alloy films epitaxially grown on Ir(OOl) brings more insights on the magnetic transition occurring at 
x = 0.75.   © 1998 American Institute of Physics. [S0021-8979(98)49911-0] 

Magnetism in artificially made materials has become an 
area of intense activity. The study of magnetism of ultrathin 
films and multilayers has revealed new properties which are 
different from bulk materials and have technological poten- 
tial, especially in magnetic memories and magnetic based 
sensors. Since the devices to be implemented concern multi- 
layered and multielement systems, it is necessary to go be- 
yond the measurements of the macroscopic magnetic prop- 
erties and to separate out the magnetic signatures of the 
different species within the different layers. In order to se- 
lectively probe the magnetic contributions, we develop the 
use of the x-ray resonant magnetic scattering (XRMS), espe- 
cially in the soft x-ray range. 

XRMS, which is x-ray magnetic dichroism in a scatter- 
ing condition, presents the advantage of being atom and shell 
selective and then allows one to probe the magnetism of the 
different atomic levels of a specific element in a magnetic 
material.1'2 The angular dependence inherent to a scattering 
measurement brings furthermore the spatial selectivity. As 
XRMS is a two photon process, the effects related to mag- 
netic circular dichroism (XMCD) are observable not only 
with circular polarized photons but also with linear polarized 
ones.3'4 Moreover, they are enhanced in diffraction condi- 
tions due to interference effects and, in that case, the mag- 
netization dependent contribution may be of the same order 
of magnitude as the nonmagnetic one.5 This has been shown 
by using artificial large period structures, like Ag/Ni and 
Ag/NiFe multilayers, in order to diffract photons of large 
wavelength (\«45Ä at the Ni L2j edges). These first ex- 
periments, where the energy dependence of an asymmetry 
ratio R = (I+ -I~)/(I+ + I~) is measured, I+ and I~ being 
two Bragg peak intensities collected for two opposite direc- 

a)Electronic mail: tonnerre@polycnrs-gre.fr 

tions of an applied magnetic field, allowed us on one hand to 
demonstrate the equivalence between the XMCD and the 
XRMS6 and on the other hand to determine the amplitude of 
the magnetic moment of both 3d transition metals in a binary 
alloy.7 In order to study thin films, which do not give Bragg 
peaks at small values, we have to turn to the analysis of 
magnetic specular reflectivity measurements. 

Following the success of XMCD measurements in the 
soft x-ray range, specular resonant magnetic reflectivity has 
been mainly measured using circular polarized incident pho- 
tons in a geometry similar to the longitudinal magneto-optic 
Kerr effect.4'*'9 In the simulations, although general trends 
are well understood,4 some discrepancies still remain. One 
possible reason is related to the difficulty to take into account 
the roughness at the interfaces when both states of linear 
horizontal and vertical polarization of the photons are 
coupled and then to account for its effect on the change of 
the circular polarization rate at each interface. Therefore, we 
first focused on the development of the resonant magnetic 
reflectivity in the transverse magneto-optic Kerr effect ge- 
ometry, using linear p-polarized photons. The fact that the 
photon beam has only one polarization state allows us to 
straightforwardly extend the Vidal and Vincent formalism to 
treat the interface roughness.10 

The measurements were conducted at the UAB beam 
line at the National Synchrotron Light Source. A vacuum 
compatible 6-20 spectrometer, working in the horizontal 
plane, was used.11 The sample was magnetized by using a 
Bitter electromagnet capable of delivering a field up to 1400 
G perpendicular to the diffraction plane. First results were 
obtained from a bcc W(32 Ä)/Fe(91 Ä)AV(129 Ä) deposited 
by laser ablation on a A1203 substrate. Figure 1(a) shows an 
angular scan where the reflected intensities and the asymme- 
try ratios R are collected at a selected energy in the vicinity 
of the L3 Fe edge. Figure 2(a) displays an energy scan where 
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FIG. 1. Fixed energy angle scans (solid line, left side legend) and asymme- 
try ratio (open circles, right side legend) measured on a W/Fe/W thin film in 
the vicinity of Fe L3 edge (703.2 eV): experiment (a) and calculation (b). 

the angular position is kept fixed and the incident photon 
energy is scanned through the Fe L2>3 edges. In this trans- 
verse geometry, the amplitude at maximum of R are typi- 
cally of the order of 5% to 15% depending on both the inci- 
dent angle and energy. Both scans depend on the strong 
resonance available at the L2^ edges and on the structural 
features of the layers: thickness and density of the layers as 
well as interface roughness. The energy scan is more sensi- 
tive to the spectroscopic aspect (amplitude of the magnetic 
moment) and the angular one to the structural aspect (ar- 
rangement of the moments). 

To analyze the data, we have developed a numerical 
calculation based on an optical approach, where the Max- 
well's equation are solved in a matrix formalism. It allows us 
to reproduce all the features of the experimental curve [Figs. 
1(b) and 2(b)]. The main part is to calculate the dielectric 
tensor which has only diagonal terms in a cubic symmetry 
and to take into account the magnetic effects through nonva- 
nishing off-diagonal elements. Both the imaginary and real 
parts of the charge dielectric constant were derived from ab- 
sorption data and their Kramers-Kronig transformation, re- 
spectively. Their magnetic counterparts are determined in the 

690   700   710   720   730 
Photon Energy (eV) 

690   700   710 .720   730 
Photon Energy (eV) 

FIG. 2. Fixed angle energy scans (solid line, left side legend) and asymme- 
try ratio (open circles, right side legend) measured on a W/Fe/W thin film at 
5° at the Fe L2,3 edges: experiment (a) and calculation (b). 
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same way from XMCD data obtained from thin Fe films. 
That amounts to consider MFe=2.1 /nB as derived from sum 
rules.12 Since it is usually accepted that XMCD is propor- 
tional to the magnetic moment, we use a multiplying factor 
to reduce or increase the magnetic contribution to the reflec- 
tivity in order to fit our data. More details on the calculation 
will be given in an upcoming article.7 

We turn next to the discussion of an example where soft 
x-ray resonant magnetic reflectivity has been used to inves- 
tigate the magnetic transition occurring in thin Fe^Mnj_x 

alloy films epitaxially grown on Ir(001). While bulk alloys 
present a fee structure and are antiferromagnetic (AF) over 
the whole range of composition, it has been shown that, in 
Fe^Mnj-j/Ir superlattices (SL), the alloy is body-centered 
tetragonal (bet) and exhibit a magneto-structural transition at 
x = 0.75 from a ferromagnetic state (x>0.75) to an antifer- 
romagnetic one (;t<0.75).13 In the present study, we fo- 
cused on two superlattices Fe09Mn0 ,(27 Ä)/Ir(18 Ä) and 
Fe07Mn03(27 A)/Ir(18 A), grown on a Ir buffer layer, whose 
concentrations have been chosen on each sides of the transi- 
tion. In the 70% Fe sample, the alloy layer is uniformly 
strained all through the stacking sequence of the superlattice 
in a bet structure with cla= 1.23.14 In the 90% Fe sample, 
two phases have been identified.14 In the first phase, labelled 
SL1, the alloy and Ir layers undergo the influence of the Ir 
buffer layer and the alloy layer is bet with cla= 1.16. In the 
second one, SL2, both layers have relaxed the strain imposed 
by the buffer layer and may be considered as free layers in 
mutual strain. In that case, the alloy tends to the Fe bec 
structure with c/a=1.08. The analysis of a series of 
reciprocal-space maps of the diffracted intensities, collected 
around the (111) Bragg peak of the buffer layer for different 
grazing incident angles, allowed us to appreciate their pro- 
portion, which corresponds to 60% and 40%, respectively, 
and their localization.15 These findings have been supported 
by the characterization of two thin alloy films of the same 
composition (x=0.7 and 0.9) with similar thicknesses («30 
Ä) sandwiched between Ir layers, aimed at the determination 
of the structural properties of the alloy layers at the begin- 
ning of the elaboration process. This is of particular interest 
in order to separate out the magnetic properties of SL1 and 
SL2. 

Figure 3 shows the energy dependence of R measured at 
15° on both multilayers around the Fe L2,3 edges. The shapes 
of R are similar and they exhibit two resonances at the L3 

(707 eV) and L2 edge (720 eV). Fe atoms in the Fe 90% SL 
give rise to a strong asymmetry ratio of about 40% while for 
the Fe 70% SL, R values are at most 4%. This reduction of 
the magnetic signal of the Fe atoms is far beyond the change 
one would expect from its concentration reduction. The 
simulation of the energy dependence of R has been carried 
out using the structural parameters deriving from the struc- 
tural studies and by assuming that the alloy is a solid solution 
where the Fe atoms bear the same magnetic moment all 
through the layers. As in the preceding section, the magnetic 
moment of Fe is initially assumed to be 2.1 /JB. In the case 
of the Fe-rich SL, the calculation (solid line) fits quite well 
the experiment in Fig. 3(b). For the Fe 70% SL, it is required 
to   reduce   the   dichroism   signal   by   a   factor   0.13   in 
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FIG. 3. Energy dependent asymmetry ratio measured at 15° at the Fe L2|3 

edges on Fe07Mn03/Ir (a) and Fe09Mn01/Ir (b): experiment (open circles) 
and calculation (solid line). 

order to fit the data [Fig. 3(a)]. Therefore, we observe a 
transition for the Fe magnetic moment from 2.1+0.05 to 
0.27 ±0.05 /JB. The uncertainties derive from the dispersion 
of the fitting parameters of reflectivity curves measured at 
other angular positions. It is worth recalling that the value for 
the Fe-rich SL is an averaged one since two phases have 
been evidenced in the SL. In order to separately determine 
the magnetic moment in the SL1 phase, we measured the 
energy dependence of R for the thin Fe09Mn0A films at dif- 
ferent angular positions. Using the same set of structural and 
magnetic parameters, we obtained a good agreement be- 
tween experiments and calculations. Figure 4(a) shows the 
asymmetry ratio values obtained at 26° while the ensemble 
of R measurements will be published in a full article.15 

Again, a fairly good agreement has been obtained with a Fe 
magnetic moment of 2.1 /JB, leading us to conclude that the 
Fe atoms in SL1 and SL2 carry about the same magnetic 
moments. Gathering the structural and magnetic informa- 
tions on the three different phases of the alloy thin films, we 
observe that the magnetic transition is related neither to the 
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FIG. 4. Energy dependent asymmetry ratio measured on Ir/Fe09Mn0, /Ir 
thin film at 26° at the Fe L23 edges (a) and at 20° at Mn L23 edges (b): 
experiment (open circles) and calculation (solid line). 

hypothetical fee or bec structure of the unstrained layer, nor 
to the Fe magnetic volume. It actually depends on the cla 
value and the transition occurs for cla= 1.215 which is in 
agreement with the theoretical prediction for a bet iron.16 

Work is under progress to understand the magnetic prop- 
erties of the Mn atoms. Figure 4(b) displays the weak mag- 
netic signal measured at the L2,3 edges of Mn in the thin 
Feo.9Mn0 x films. It shows that Mn atoms carry a net mag- 
netic moment. We observe the R spectrum has the same 
shape than that measured at the Fe L edges at the same 
incident angle. In order to determine the amplitude of the Mn 
magnetic moment as well as the coupling between Fe and 
Mn, we have to fit the R values. In the case of Mn, this is not 
so straightforward, since bulk Mn is antiferromagnetic and 
shows no circular dichroism. Here, the calculation is per- 
formed using the XMCD data from Mn [1 monolayer 
(ML)]/Fe(001),17 where the coupling is found to be ferro- 
magnetic and the Mn magnetic moment estimated to be 
about 1.7 /iß.18 However, to fit the R values, it has been 
necessary to change the sign of the XMCD data used in the 
calculation, which implies to consider an AF coupling of Mn 
moments to the Fe ones. It appears that the amplitude of the 
XMCD allows us to simulate the amplitude of R and, hence, 
we estimate the Mn magnetic moment to be about 1.7 /JB. 

In summary, we have shown that XRMS in transverse 
mode allows to investigate quantitatively the magnetic prop- 
erties of thin films and multilayers. It turns out that it is 
possible to analyze small changes in the energy dependent 
magnetic contribution to the reflectivity. This allows us to 
measure weak magnetic moment (here 0.2 /JB) in a thin 
buried layer. A refinement procedure applied simultaneously 
to the angular and energy scans should give more insights 
about the amplitude of the moments, their distribution inside 
the layer, and likely about the magnetic roughness at inter- 
faces. Moreover, we show that large magnetic contributions 
to the reflectivity are available at large angles which should 
allow developments towards element specific imaging of 
magnetic domains. This approach could be useful for imag- 
ing the behavior of buried magnetic layers. 

The authors thank Y. Souche and F. de Bergevin for 
fruitful discussions on magneto-optic calculations. 
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Dependence of anti-Stokes/Stokes intensity ratios on substrate optical 
properties for Brillouin light scattering from ultrathin iron films 

J. F. Cochran,a) M. From, and B. Heinrich 
Department of Physics, Simon Fräser University, Burnaby, British Columbia V5A 1S6, Canada 

Brillouin light scattering experiments have been used to investigate the intensity of 5145 Ä laser 
light backscattered from spin waves in 20 monolayer thick Fe(001) films. The experiments have 
shown that the ratio of frequency upshifted light intensity to frequency downshifted light intensity 
depends upon the material of the substrate used to support the iron films. For a fixed magnetic field 
and for a fixed angle of incidence of the laser light this intensity ratio is much larger for an iron film 
deposited on a sulphur passivated GaAs(OOl) substrate than for an iron film deposited on a Ag(001) 
substrate. The data have been compared with a calculation that takes into account multiple scattering 
of the optical waves in the iron film and in a protective gold overlayer. The observations are in 
qualitative agreement with the theory, except for angles of incidence greater than 60°. © 1998 
American Institute of Physics. [S0021-8979(98)37011-5] 

The ratio of upshifted scattered light intensity (anti- 
Stokes line) to downshifted scattered light intensity (Stokes 
line) in Brillouin light scattering experiments (BLS) per- 
formed on ultrathin magnetic films depends on the optical 
properties of the substrate that support the film.1 This is il- 
lustrated in Fig. 1 for BLS experiments performed on iron 
films 20 monolayers (ML) thick. Figure 1(a) shows scattered 
light intensity versus frequency shift for a 20 ML iron film 
grown on a Ag(001) single crystal by means of molecular 
beam epitaxy.2 The iron film was covered by 18 ML of gold. 
The BLS measurements were carried out ex situ. A magnetic 
field of 1.00 kOe was applied in the plane of the film and 
perpendicular to the plane of incidence of the incident 5145 
Ä laser light. The p -polarized laser light was incident at 45°, 
and the scattered light was collected in the backscattering 
configuration.3 The data shown in Fig. 1(b) were collected in 
the backscattering configuration for/?-polarized light4'5 inci- 
dent at 45°, and using an applied magnetic field of 1.08 kOe. 
The iron film was 20 ML thick, and was grown by means of 
molecular beam epitaxy on a sulphur passivated GaAs(OOl) 
single crystal.6 The iron film was covered by 20 ML of gold 
and the BLS data were measured ex situ. It is clear from a 
comparison of Figs. 1(a) and 1(b) that (i) the ratio of up- 
shifted to downshifted scattered light intensity is quite dif- 
ferent for these two specimens; and (ii) the observed fre- 
quency shift is different for the two specimens. Both of these 
differences can be attributed to the effect of different sub- 
strates. The change in frequency between the two specimens 
can be primarily attributed to a difference in perpendicular 
uniaxial surface anisotropy, see Table I. The dependence of 
the intensity ratios on substrate material is a consequence of 
the dependence of the magnitude and phase of the optical 
electric field in the iron film on the optical properties of the 
substrate material. A 20 ML thick iron film is thin compared 
with the penetration depth of 5145 Ä light in iron, conse- 
quently the optical electric field amplitudes in the iron film 
depend very strongly on the optical properties of the 
substrate.1 

Data for thin iron films grown on Ag and GaAs sub- 
strates have been compared with calculations carried out us- 
ing the formalism described by Cochran and Dutcher.7 Rel- 
evant parameters used in the calculations are listed in Table 
I. The magnetic parameters listed in Table I give a good 
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FIG. 1. Light intensity vs frequency shift for 5145 Ä light scattered from a 
20 ML thick Fe(OOl) film; the laser light was incident on the specimen at an 
angle of 45°. The scattered light was collected in the backscattering con- 
figuration, and intensities were normalized to the maximum intensity of the 
frequency upshifted peak, (a) Ag(001)/20 ML Fe/18 ML Au with a field of 
1.0 kOe applied in the film plane and directed along (100). (b) 
GaAs(001)/20 ML Fe/20 ML Au with a field of 1.08 kOe applied in the 
specimen plane and directed along (110). In both cases the magnetic field 
was applied perpendicular to the plane of incidence of the laser light. 
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TABLE I. Parameters used to calculate the frequencies and ratios of upshifted to downshifted scattered light 
intensities for the Ag(001)/20Fe/18Au and GaAs(001)/20Fe/20Au used for this work. The perpendicular 
uniaxial anisotropy energy was taken to have the form Eu= -(K„/d){mz/Ms)

2 ergs/cc, where d is the iron 
film thickness and mz is the magnetization component perpendicular to the plane of the Fe film. 

Fe film: 

(a) Ag(001)/20Fe/18Au 

(b) GaAs(001)/20Fe/20Au 

Au film: 

Ag substrate: 

GaAs substrate: 

Thickness d=20 monolayers=28.6 Ä 
Saturation magnetization, 4i7Afs = 21.4kOe 
Exchange stiffness parameter, A = 2.03 X 10~6 

Gilbert damping parameter, G= 108 Hz 
Optical dielectric constant, e=(-0.40,  16.44) 
Resistivity, p= 1.0X 1(T5 ft cm 

Cubic anisotropy parameter, ^T1=4.0X105 ergs/cc 
Uniaxial anisotropy parameter, Ku= 1.04 ergs/cm2 

Effective cubic anisotropy parameter for H along (110), 
K^IJXIO4 ergs/cc 

Uniaxial anisotropy parameter, Ku= 1.42 ergs/cm2 

2.04 A per monolayer 
Optical dielectric constant, e=(-3.75, 2.75) 
Resistivity, p = 2.35X 10~6 ft cm 

Optical dielectric constant, e=(- 10.70, 0.33) 
Resistivity, p= 1.59X 10"6 ft cm 

Optical dielectric constant, <r=(17.65, 3.19) 
Resistivity, p= 1 ft cm 

description of the dependence of spin-wave frequencies on 
applied magnetic field, see Fig. 2. The optical dielectric con- 
stants listed for 5145 Ä light (2.41 eV) were obtained from 
Johnson and Christy (Iron,8 Silver9), Joenson et al.10 (gold), 
and Aspnes and Studna11 (GaAs). 

The observed upshifted to downshifted intensity ratios 
are plotted as a function of applied magnetic field in Fig. 3 
for light incident at 45° on the specimens. The solid lines are 
intensity ratios calculated using the parameters listed in 
Table I. The data exhibit a decreasing intensity ratio with 
increasing magnetic field; this decrease with field is repro- 

duced by the calculations. However, the calculated intensity 
ratios tend to be smaller than the observed ratios, especially 
in the case of the GaAs substrate. The calculated intensity 
ratios are very sensitive to the amplitudes and phases of the 
optical electric field components in the iron film, and these 
field components in turn, especially their phases, are sensi- 
tive to the film thicknesses and the dielectric parameters used 
to describe them. 

The ratio of upshifted to downshifted light intensity has 
been investigated as a function of the angle of incidence of 
the light for fixed magnetic field. The results of angular mea- 
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FIG. 2. Spin-wave frequency vs applied magnetic field. The data were ob- 
tained from Brillouin light scattering experiments on 20 ML thick films with 
the field applied in the specimen plane. The angle of incidence of the laser 
light was 45°. X—Ag(001)/20 ML Fe(001)/18 ML Au. The field was ap- 
plied along the (100) direction; (a) calculated using the parameters listed in 
Table I. +—GaAs(001 )/20 ML Fe(001)/20 ML Au. The field was applied 
along the (110) direction; (b) calculated using the parameters listed in Table 
I. 
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FIG. 3. The ratio of frequency upshifted to frequency downshifted Brillouin 
backscattered light intensity vs magnetic field applied in the specimen plane. 
The 5145 Ä laser light was incident at 45°. X—Ag(001)/20 ML Fe(001)/18 
ML Au, the field was applied along (100); (a) calculated using the param- 
eters listed in Table I. +—GaAs(001)/20 ML Fe(001)/20 ML Au, the field 
was applied along (110); (b) calculated using the parameters listed in Table 
I. The vertical error bars correspond to an estimated 20% uncertainty in the 
data. 
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direction, and 5145 Ä laser light was used for the measurements. The solid 
line was calculated using the parameters listed in Table I. The vertical error 
bars correspond to an estimated 20% uncertainty in the data. 
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FIG. 5. The ratio of frequency upshifted to frequency downshifted Brillouin 
backscattered light intensity vs the in-plane component of the spin-wave 
wave vector for the specimen. GaAs(001)/20 ML Fe(001)/20 ML Au. A 
magnetic field of 2.2 kOe was applied in the specimen plane along the (110) 
direction, and 5145 Ä laser light was used for the measurements, (i) Calcu- 
lated for a field of 1.0 kOe and (ii) calculated for a field of 2.2 kOe using the 
parameters listed in Table I. The vertical error bars correspond to an esti- 
mated 20% uncertainty in the data. 

surements on a specimen grown on a silver substrate are 
shown in Fig. 4, and results for an iron film grown on a 
GaAs substrate are shown in Fig. 5. The angular variation of 
the incident light is expressed in terms of the spin-wave 
wave vector component parallel with the film plane, Q 
= (47i7A.)sin 0, where A. = 5145 Ä is the wavelength of the 
incident light and 0 is the angle of incidence. The data ex- 
hibit an increasing intensity ratio with increasing Q, i.e., 
with increasing angle of incidence. The calculations, indi- 
cated by the solid lines in Figs. 4 and 5, also display an 
increasing intensity ratio with increasing angle of incidence. 
According to theory, the intensity ratio varies with angle of 
incidence because of an interference between the scattered 
light originating from the optical electric field components in 
the iron film that are parallel and perpendicular to the film 
plane. In the limit of normal incidence the optical electric 
field in the iron film has only a component parallel to the 
plane, there is no interference effect, and therefore the up- 
shifted and downshifted intensity ratio must approach unity 
in the limit of g = 0. This expectation is borne out by the 
experimental observations. For reasons which we do not un- 
derstand, the intensity ratio data shown in Fig. 5, and ob- 
tained using an applied field of 2.2 kOe, are in better agree- 
ment with the ratios calculated for an applied field of 1 kOe 
[curve (i)] than with the curve calculated using a field of 2.2 
kOe [curve (ii)]. This appears to be a coincidence. However, 
the drop off in intensity ratio observed for Q lying between 
2.0 and 2.2X 105 cm"1 (0 between 55° and 65°), and ob- 
served for both the silver substrates and the GaAs substrates, 
appears to be real. It may be caused by some unknown in- 
strumental effect. For the GaAs substrate the absolute inten- 
sity at 0=65° was also much reduced over that measured at 
0=55° contrary to theoretical expectations. The origin of 
this rather sudden drop off in scattered light intensity is un- 
known: no such effect was observed for specimens grown on 
silver substrates. It may be associated with the observed 
rough iron growth obtained using a GaAs substrate.6 A de- 
crease in intensity ratio at large angles of incidence runs 
counter to the rather sharp increase in the upshifted to down- 

shifted intensity ratio for Q approximately equal to 2.25 
X 105 cm-1 reported by Moosmüller, Truedson, and Patton 
for thin permalloy films sputtered on silicon.12 A monotonic 
dependence of the intensity ratio on angle of incidence of the 
laser light was reported by Camley et al.5 for 100 Ä thick 
polycrystalline iron films. 

The authors would like to thank S. Watkins for the sul- 
phur passivated GaAs substrates used in this work, and T. 
Monchesky for communicating to us the results of his 36 
GHz microwave measurements on 20 ML Fe films grown on 
these GaAs substrates. We would also like to thank the Natu- 
ral Sciences and Engineering Research Council of Canada 
for grants that supported this work. 
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Magnetic phase diagrams of holmium determined 
from magnetoresistance measurements 
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The magnetic phase diagrams of holmium in the magnetic field-temperature plane have been 
determined using electrical resistance as a function of temperature and electrical resistance as a 
function of applied magnetic field (magnetoresistance). Two phase diagrams were constructed 
corresponding to magnetic fields applied along the a and c axes. For temperatures below 80 K and 
an applied field along the a axis, our H- T phase diagram agrees well with that of Jensen and 
Mackintosh. In a temperature range of 30-100 K we observe two transitions which correspond to 
the boundaries of the predicted helifan phase. However, at higher temperatures there are differences 
with the work of Willis et al, most notably in the behavior of the Neel temperature splitting. We 
observe a splitting of the Neel temperature above 1 T with one feature remaining nearly constant in 
temperature as the field is increased. For a c-axis applied field, our phase diagram is very similar to 
the results of Willis et al, a splitting of the Neel temperature transition above 0.5 T is observed. At 
temperatures below 18 K and magnetic field less than 1.5 T, an anomaly associated with a devil's 
staircase is seen.   © 1998 American Institute of Physics. [S0021 -8979(98)32811-X] 

The first detailed studies of the magnetic structures in 
holmium as a function of temperature and magnetic field, 
were performed by Koehler et al}'2 using neutron diffrac- 
tion. At temperatures below the Neel temperature (TN 

= 132K), holmium orders antiferromagnetically with a he- 
lical structure propagating along the hexagonal c axis, and 
with moments lying in the basal plane. Below the Curie tem- 
perature (Tc= 18 K), holmium restructures as a commensu- 
rate ferromagnetic cone phase. The spiral structures in the 
region Tc< T< TN are in general incommensurate, however, 
a series of commensurate magnetic phases have been found, 
first by Gibbs et al? using synchrotron radiation, and later by 
others.4'5 The commensurate structures in holmium are un- 
derstood in terms of the spin-slip model.3'6 The magnetic 
structures in a basal plane magnetic field were studied by 
Koehler et al? who identified intermediate phases, termed 
fans, between the helix and the ferromagnetic phases. Re- 
cently, a structure between the fan and helix phases, which 
they called a helifan, was predicted by Jensen and 
Mackintosh7'8 using mean field calculations. Some experi- 
mental evidence of this structure is given by Ohsumi et al.9 

and Gebhardt et al.10 Bulk magnetic properties such as mag- 
netization, Willis et al.n and magnetoresistance10'12'13 have 
also been used to determine magnetic phase transitions. In 
this article, we present the magnetic phase diagrams of hol- 
mium in the H- T plane for applied magnetic fields along the 
a and c axes using magnetoresistance measurements. 

Two single-crystal holmium samples, each in the shape 
of a long bar were prepared at Ames Laboratory. The first 
sample has an a-axis length of 10 mm and cross-sectional 

"'Corresponding author. 

area of 0.45 mm2, and the second, a c-axis length of 14.9 
mm and cross-sectional area of 0.95 mm2. The electrical re- 
sistance measurements were carried out using the conven- 
tional four probe method. A 30 mA longitudinal dc current 
was provided by a Keithley 220 constant current source, and 
the voltage measured using a Keithley 181 nanovoltmeter. A 
constant temperature and applied magnetic field was accom- 
plished by using the temperature control and superconduct- 
ing magnet of a Quantum Design SQUID magnetometer. For 
this study, two types of measurements were conducted: (i) 
the electrical resistance as a function of temperature (5-150 
K) at various constant applied magnetic fields (0-5.5 T) and 
(ii) the electrical resistance as a function of magnetic field, 
defined as magnetoresistance (MR), at various constant tem- 
peratures (2-150 K). 

A large number of electrical resistance (R) versus tem- 
perature (T) scans and magnetoresistance (MR) versus mag- 
netic field (H) have been carried out for magnetic fields 
applied along the a and c axes of Ho. In Fig. 1(a), a repre- 
sentative R vs T curve is shown for a field of H= 2 T applied 
along the a axis. The transitions are indicated by arrows. The 
magnetic transition temperatures are determined by a step 
change in the R vs T curve, or as a slope change in the R vs 
T curve. In the inset of Fig. 1(a), the transitions are clearly 
seen as large spikes in the slope of R vs T curve. The 
anomaly at 32 K corresponds to the transition from the fan to 
the ferromagnetic phase. The anomalies at 80 and 86 K 
bracket the helifan phase predicted by Jensen and 
Mackintosh.8 These two transitions are also clearly seen in 
MR vs H(H\\a) curves at a constant temperature. An ex- 
ample is given in Fig. 1(b) for a temperature of T=60K. 
The transitions show as step changes in the MR vs H curve 
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FIG. 1. (a) Resistance vs temperature for a magnetic field of H = 2 T applied 
along the a axis. The inset shows the derivative of the curve. Arrows indi- 
cate magnetic transitions, (b) Resistance vs applied field (ff||a), at a con- 
stant temperature of T=60 K. The derivative is given in the inset. Arrows 
indicate magnetic transitions. 

and are indicated by arrows. The inset of Fig. 1(b) shows the 
[d(MR)/dH] vs H curve where the anomalies are visible in 
the slope change of the curve. By tabulating the transition 
temperatures in R vs T curves at a given magnetic field, and 
the transition fields in MR vs H curves at a given tempera- 
ture, we are able to construct the H-T phase diagram of 
holmium for a magnetic field applied along the a axis of Ho. 

Figure 2(a) shows a R vs T curve for a magnetic field 
applied along the c axis. The arrows indicate zero field 
anomalies at T= 18, 20, and 24 K. These transitions are dif- 
ficult to see in the R vs T curve, but show up clearly in the 
slope of R vs T curve, which is shown in the inset of Fig. 
2(a). The arrow marked by an asterisk refers to an anomaly 
which is seen in all R vs T data in applied fields from 0 T up 
to 5.5 T and does not vary with temperature. The anomaly is 
not observed in MR vs H data and does not correspond to 
any known magnetic phase transition in Ho. Figure 2(b) 
shows a MR vs H(H\\c) curve at a temperature of 7=5 K. 
Although the data is quite noisy, a large transition at H 
= 1.25 T is clearly visible in both the MR vs H, and slope of 
MR vs H [Fig. 2(b) inset] curves. Again, by tabulating the 
transition temperatures and fields, we are able to construct 
the H-T phase diagram of holmium for a magnetic field 
applied along the c axis. 

The H- T phase diagram of Ho for applied field along 
the a axis is presented in Fig. 3. At lower temperatures, the 
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FIG. 2. (a) Resistance vs temperature measured along the c axis in zero 
applied magnetic field and temperatures below 30 K. The inset shows the 
derivative of the curve. Arrows indicate magnetic transitions, (b) Resistance 
vs applied field (H\\c), at a constant temperature of 7=5 K. The large step 
transition (arrow) shows as a spike in the derivative of the curve given in the 
inset. 

phase diagram is similar to that of Willis et al.'' determined 
from magnetization measurements. The inset of Fig. 3 shows 
our phase diagram for temperatures below 80 K and field 
below 2 T. This phase diagram is nearly identical to that of 
Jensen and Mackintosh8 (see Fig. 3), constructed from mean 

0 20 40 60 80 

Temperature (K) 

FIG. 3. H-T phase diagram of single-crystal holmium for applied magnetic 
field along the a axis. Circular symbols (•) indicate data from R vs T 
measurements, and square symbols (■) indicate data from MR vs H mea- 
surements. Solid lines are a visual guide. The inset shows the H-T phase 
diagram for temperatures below 80 K. 
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FIG. 4. H-T phase diagram of single-crystal holmium for applied magnetic 
field along the c axis. Circular symbols (•) indicate data from R vs T 
measurements, and square symbols (■) indicate data from MR vs H mea- 
surements. Solid lines are a visual guide. The inset shows the transition 
associated with the devil's staircase in Ho. 

field calculations and a variety of experimental data. The 
only exception being a transition at 42 K which merges with 
the lower helifan line in higher fields. The magnetic struc- 
tures were labeled using the results of Jensen and 
Mackintosh.8 

At higher temperatures, the phase diagram shows simi- 
larities to the phase diagram of Gebhardt et a/.,10 also con- 
structed from R vs T and MR vs H measurements, for ap- 
plied field along the b axis of Ho. The most striking 
similarity is the splitting of the Neel temperature anomaly, at 
TN= 132 K, above 1 T. This anomaly splits into two parts 
with one feature changing very little with temperature at 
higher fields, while the other shifts towards lower tempera- 
tures and merges into the lower helifan transition at about 3 
T. An anomaly at 110 K shifts slightly to lower temperatures 
with increasing field until, above 2 T, when this shift be- 
comes more pronounced and it merges with the lower helifan 
line at 2.5 T. This behavior is similar to that reported by 
Willis etal. (see Fig. 3 of Ref. 11). A transition at 98 K 
initially has a slight shift to higher temperatures in an in- 
creasing field, becoming more pronounced above 1 T and 
merging with the 110 K anomaly at 1.5 T. This result is 
consistent with that of Venter et al. (see Fig. 14 of Ref. 5), 
however, the pronounced shift to higher temperatures above 
1 T is not evident in their phase diagram. This result also is 
in contradiction to the result of Willis et al.,n who see the 98 
K anomaly shifting to lower temperatures at higher fields. 

Figure 4 shows the phase diagram for a c-axis applied 
magnetic field. This phase diagram is very similar to the one 
of Willis et al. (see Fig. 5 of Ref. 11) determined from mag- 
netization measurements. Zero field anomalies at T= 18, 20, 
24, 42, 98, 110, and 131 K are observed. The anomaly at 
Tc= 18 K shifts towards lower temperatures as the field is 
increased, reaching 1.5 T at our lowest attained temperature 
of 2 K. This transition is shown in the inset of Fig. 4. The 
dominant wave vectors in the regions above and below the 
transition are labeled using the results of Venter et al. (see 

Fig. 8 of Ref. 5), who observed a similar transition using 
neutron scattering. Higher field transitions for temperatures 
below 15 K, separating the commensurate structures of a 
devil's staircase, Cowley et al.14 could not be resolved in this 
study. The anomaly at 20 K has a slight shift to higher tem- 
peratures as the field is increased, until above 4 T when it 
splits into two parts. One part changing little with tempera- 
ture, while the other shifts towards higher temperatures in an 
increasing field. The 24 K transition shifts towards higher 
temperatures until around 3 T when this shift stops and the 
anomaly begins a slight shift to lower temperatures as the 
field is increased. Anomalies at 42 and 110 K were also 
detected and remain unchanged in fields up to 5.5 T. An 
anomaly at 98 K was also observed. This anomaly splits into 
two parts above 2 T, with one part showing little change in 
temperature as the field is increased, while the other shifts 
towards lower temperatures. As with fields applied along the 
a and b axes, for a c-axis applied field, the Neel temperature 
anomaly at TN- 131 K is seen to split into two parts. This 
split occurs in fields above 0.5 T which is lower than in the 
previous two cases. One feature does not change with an 
increasing field, whereas the other shifts towards lower tem- 
peratures, merging with the 110 K anomaly at 5 T. 

We have constructed the H- T phase diagrams of Ho for 
applied magnetic fields along the a and c axes using resis- 
tance versus temperature and magnetoresistance versus mag- 
netic field measurements. For temperatures below 80 K, our 
a-axis phase diagram agrees well with that of Jensen and 
Mackintosh.8 However, at higher temperatures there are dis- 
crepancies with that of Willis et al.n Our c-axis phase dia- 
gram agrees well with the phase diagram of Willis et al.u 

This study shows that even complicated magnetic phase 
diagrams can be established by simple magnetoresistance 
measurements. Such studies could be very useful for the lo- 
cation of temperature and field ranges for magnetic structure 
studies by neutron and or x-ray syncrotron scattering. 
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Magnetostatic critical point phenomena of ErIGa garnet 
Toshiro Tanakaa) and Kazuo Miyatani 
Department of Materials Science and Engineering, Ehime University, Bunkyocho 3, Matsuyama, 
790-8577 Japan 

The magnetostatic critical point phenomena of an ErIGa garnet, Er3(Fe08Ga0.2)50,2, single crystal 
sphere were investigated by a computer controlled vibrating sample magnetometer. Subtracting the 
induced large spin paramagnetic moment of Er3+ from the measured values, allowed the 
Fe-sublattice magnetization Msub(H,T) to be extracted. Msub data were used to analyze the critical 
phenomena by eliminating the low field data to avoid the effect of the magnetic inhomogeneity. The 
spontaneous magnetization and the zero-field susceptibility were obtained from the Arrot plot. The 
critical temperature and critical indices were obtained to be rc = 463.64K, /? = 0.48±0.03, y 
= 1.1 ±0.1, and <5= 3.1 ±0.1. These results agree well with the predicted values from the molecular 
field theory. The plot of the critical equation of states ip{H,M) showed the same function as that 
found for Fe. Thus, Msub(H,T) was shown to satisfy the second-order phase transition based on the 
molecular field theory.   © 1998 American Institute of Physics. [S0021-8979(98)23011-8] 

I. INTRODUCTION 

One of the present authors (K.M.) investigated the mag- 
netostatic critical point phenomena of a yttrium-iron-garnet 
(YIG) single crystal1 using the directly measured critical 
temperature Tc and the spontaneous magnetization M0(T). 
In YIG, Y3+ is a nonmagnetic ion and the magnetization is 
given by the ferrimagnetically coupled Fe3+ sublattice mo- 
ments. The magnetostatic critical point phenomena were re- 
vealed to be close to those of the Heisenberg ferromagnet 
CdCr2Se4

2 and the metal ferromagnets Ni and Fe which we 
reported recently.3 

The magnetization of the ErIG was explained by the 
ferrimagnetically coupled Fe3+ sublattice moments, and Er3+ 

sublattice moment weakly coupled with them.4 In this work, 
we substituted ErIG with Ga. The substituted nonmagnetic 
Ga3+ diluted the Fe3+ sublattice magnetization and the mag- 
netic coupling was lowered. Then, the Er3+ moment should 
become not negligible compared to the Fe3+ sublattice mo- 
ment. It is thus interesting to investigate the magnetostatic 
critical point phenomena with three sublattice moments. 

II. SAMPLE AND EXPERIMENTAL PROCEDURE 

A single crystal ErIGa garnet, Er3(Fei_J.GaA)5012, 
sphere sample (od=3.326±001 mm) with a polished surface 
was obtained from a single crystal ingot prepared by a float- 
ing zone melting method using an IR imaging furnace at the 
RCA Laboratories. The sphere sample was annealed at 1273 
K for 10 h in air prior to the measurement. The Ga concen- 
tration x was estimated to be x = 0.2 from the lattice con- 
stant, the saturation magnetization at 0 K, and the density 
measurements. 

The magnetization along an easy direction was measured 
using a computer controlled vibrating sample magnetometer. 
The temperature of the sample was measured by the cali- 

brated Platinel™ thermocouple directly contacted with its 
surface. The experimental procedure basically followed our 
recent work.3 

III. RESULTS AND DISCUSSION 

The temperature dependence of the magnetization mea- 
sured at 8 kOe is shown in the inset of Fig. 1. The Curie 
temperature was about rc = 460K which was 100 K lower 
than the reported value of ErIG.4 The substituted Ga has thus 
lowered the average super exchange interaction between 
Fe3+ sublattices. The constant field magnetization was mea- 
sured in detail from Ha = 0 Oe to 8 kOe at the temperatures 
between 440 and 520 K as shown in Fig. 1. The kink point 
which corresponds to the spontaneous magnetization was 
rounded on the curves contrary to the case of YIG  and the 

420 440 460 480 
Temperature (K) 

500 520 

"'Electronic mail: tanaka@en2.ehime-u.ac.jp 

FIG. 1. The temperature dependence of the constant field magnetization 
near critical temperature. The inset shows the temperature dependence of 
magnetization measured at 8 kOe from 20 to 500 K. 
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FIG. 3. Arrot plot for the Fe-sublattice magnetization Msl 
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magnetic transition was broadened. These facts suggest that 
this single crystal involves a magnetic inhomogeneity which 
may be caused by the local strain or imperfections associated 
with the substitution of Fe with Ga and that the low field data 
are significantly affected by this inhomogeneity. 

The Arrot plot, M2 vs Heff/M, for the measured data M 
is shown in Fig. 2. Hef{ was given by He({=Ha-4TmM and n 
was obtained to be 0.3333 from the magnetization measure- 
ment. As is seen in the plot, M2 is not proportional to HeS/M 
even in high Heff. This shows that the Landau theory for the 
second-order phase transition does not apply to the present 
system anymore. To understand the result, we assume that a 
large paramagnetic magnetization term of the Er3+ spin 
X&flen is involved in M. This term is commonly known to 
exist in rare-earth iron-garnet (RIG), and should not contrib- 
ute to the phase transition at Tc. The experimental data M is 
expressed by 

M = MFe+MEr(Fe) + xEr//eff, (1) 

where MFe is the Fe3+ sublattice magnetization and MEr(Fe) 
is the Er3+ sublattice magnetization induced by MFe. 

The susceptibility of Er3+ spin paramagnetism ^Er 

= CEr/(r- 6p) was estimated from the paramagnetic sus- 
ceptibility x measured at T> Tc. x is given by 

x=c/(T-ep) = (cFt+cEl)/(T-ep). (2) 
CEr was estimated by the ratio of the total Er3+ and Fe3+ spin 
magnetic moment in a formula unit. The 6p was obtained to 
be — 10 K which was close to results of early work.4 Now, 
we can separate the Fe-sublattice magnetization Msub 

Msub=MFe+MEr(Fe) (3) 

by subtracting xErffeff from the experimental data M. 
The Arrot plot of Msub was replotted in Fig. 3 for the 

high field data, fl> 1 kOe, eliminating the low field data. 
M2

mb is then found to be proportional to #eff/Msub. The 
spontaneous magnetization M0 and the zero-field inverse 

susceptibility Xo X  were obtained by extrapolation to the 
M2

ab axis and the Heft/Msub axis, respectively. In Fig. 4, the 
temperature dependence of M0 and xö1 is shown with 
Msab(T). 

The critical temperature was assumed to be 463.64 K 
from the T* vs T plot5 where T* = xöl(T)/(dxö\T)/dT). 
The critical indices ß and y, defined as MQ(T) = eß and 
Xo1 = er for e=\T-Tc\/Tc, were obtained to be 0.48 
±0.03 and 1.1 ±0.1, respectively. The critical index S de- 
fined as M0(Heff,Tc)=H1Jft was also determined to be 3.1 
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TABLE I. Critical indices and critical temperature. 

T. Tanaka and K. Miyatani 

Tc (K)   Ref 

ErlGa garnet 0.48±0.03 1.1 ±0.1 3.1 ±0.1        463.46 
YIG 0.380±0.005 1.312±0.008 4.42±0.05   551.35 
Molecular 0.5 1 3 

field theory 
3d Ising model 0.312 1.25 5 

"Reference 1. 
bReference 6. 

±0.1. The critical indices and the Curie temperature were 
listed in Table I with those for YIG, and the theoretically 
predicted values.6 The present values do not agree with those 
for YIG, but are close to those predicted by the molecular 
field theory. 

The Fe-sublattice magnetization at Ha = 2, 4, and 8 kOe 
were plotted in the form of H^liMiTte7) vs M(T)/eß to 
check the validity of the critical equation of state ij/(M,H) in 
Fig. 5. Msub below and above Tc fell on the two separate 
curves, respectively. This suggests that Msub obeys a second- 
order phase transition, and ip(M,H) shows the same function 
as that for Fe.3 

In work on YIG,1 CdCr2Se4,2 Ni,1'3 and Fe,3 M0 and 
XQ

1
 were determined directly from the extremely low field 

magnetization measurements. This allowed us to investigate 
the magnetostatic critical point phenomena without approxi- 
mation. In contrast to this, in the present work, we eliminated 
the low field data from M to avoid the influence of magnetic 
inhomogeneity which was enhanced in low fields. The mag- 
netostatic critical point phenomena can be explained ap- 
proximately by a molecular field theory. Present results show 
that the magnetization data at the critical region once the low 
field data was excluded satisfies a molecular field theory. 
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Monte Carlo investigation of the eight-state Potts model 
on quasiperiodic tilings 
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A Monte Carlo investigation of the eight-state Potts model on the two-dimensional (2D) 
quasiperiodic octagonal tiling with free boundary conditions is performed in order to determine the 
nature of a temperature-driven transition. It is shown that numerical data suffer from drastic free 
boundary effects that strongly disturb the probability distributions of the internal energy and, 
consequently, the scaling behavior of the specific heat. An alternative way consisting in analysing 
the core of the tilings is applied to pass over free boundary effects. This analysis combined with the 
Lee-Kosterlitz method allows one to evidence that the system undergoes a first-order transition as 
in 2D periodic lattices. The first-order type of scaling is observed for the maximum in the 
susceptibility of the core of the tilings but not for the maximum in the specific heat. © 1998 
American Institute of Physics. [S0021-8979(98)23111-2] 

I. INTRODUCTION 

Recently, it has been shown by theoretical arguments 
that bond randomness will induce a second-order phase tran- 
sition in a system that would undergo a symmetry-breaking 
first-order phase transition.1'2 Since these arguments have 
been derived from an actual renormalization-group cal- 
culation1 and from a rigorous proof of the vanishing of the 
latent heat,2 Chen et cd? have investigated the ability of ex- 
tensive Monte Carlo (MC) simulations to evidence such a 
prediction. They have considered the two-dimensional (2D) 
eight-state Potts model4 which undergoes a first-order transi- 
tion when it is pure. Applying finite-size scaling techniques, 
they concluded that, under bond randomness, the phase tran- 
sition changes from first to second order with 2D Ising ex- 
ponents. These new results have motivated us to study the 
eight-state Potts model on 2D quasiperiodic tilings5 which 
are less ordered than periodic lattices although they exhibit 
long range translational order. We have considered an oc- 
tagonal tiling (Fig. 1) because all octagonal tilings are locally 
isomorphic,6 that is, they exhibit identical phase transitions. 

II. BACKGROUND AND NUMERICAL SIMULATIONS 

The Hamiltonian of the q -state Potts model is given by4 

1 
H- JIL sSiSi   (J>0), 

*-1    <«j> 

where the spins S,-, which are located at the vertices of the 
octagonal tiling, take on the values l,...,q and S is the Kro- 
necker delta function (in this study, <? = 8). 

a'Electronic mail: Denis.Ledue@univ-rouen.fr 
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The procedure is the importance-sampling MC method 
based on the standard single spin-flip Metropolis algorithm7 

combined with the single histogram technique.8'9 Our simu- 
lations were carried out on finite octagonal tilings of iVtot 

vertices with free boundary conditions. In order to investi- 
gate the free boundary effects, two kinds of systems (N ver- 
tices) have been considered: systems which are the whole 
tilings (N=Ntot=329, 689, 1433, 2481, and 5497), and sys- 
tems which are the core of the tilings (Af«=0.13X^Vtot=89, 
329, and 705). This core is made up of the vertices which are 
located in a circle centered on the center of the tiling. Be- 
tween 5X105 or 106 Monte Carlo steps (MCS)/spin for 

6305 

AB        C       D      E      F 

FIG. 1. The octagonal tiling and the six local environments. 

© 1998 American Institute of Physics 
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Ntot=329 and 5X106 MCS/spin for Ntot=5497 were per- 
formed (the first 2 X 104 MCS/spin were discarded for equili- 
bration). 

The nature of a phase transition can be, in principle, 
determined by looking at the size dependence of some ther- 
modynamic quantities in the vicinity of the transition tem- 
perature rc.

10-12 For example, the scaling forms3 for the 
specific heat and the susceptibility12 in 2D systems are, at a 
first-order transition: 

Cmax(L)~L2A(fL2),  x™,(L)~L2B{tL2) 

and, at a second-order transition: 

Cmm(L)~L"i»C\tLl/v),  AWxW-^V^), 

where L— \[N is the linear dimension of the system, a, y, 
and v are three infinite system critical exponents and t=\T 
-Tc\/Tc. However, a pseudodivergent correlation length in 
weak first-order transition can be responsible for a second- 
order type of scaling of thermodynamic quantities.13 A more 
powerful method of detecting first-order transitions by nu- 
merical simulations on finite systems is the Lee-Kosterlitz 
method14 which suggests to look at the size dependence of 
the free energy, FL(E)=-ln[PL(E)], where PL(E) is the 
probability distribution of the internal energy. For a first- 
order transition, the free energy for large systems at TC(L) 
(the location of the maximum in the specific heat) exhibits a 
maximum FL(E2) between two wells of equal depth 
FL(E1) = FL(E3). If the free energy barrier, AFL = FL(E2) 
— FL(Ei), grows with increasing system size, the transition 
will be first order in the thermodynamic limit, while the tran- 
sition will be second order if the barrier decreases with in- 
creasing size. In MC simulations using histogram techniques, 
the free energy barrier can be estimated by the reweighted 
probability distribution at TC(L): 

LFL=\riPL{Ex)IPdE2)l 

It has been demonstrated that this method can identify un- 
ambiguously weak first-order transitions even when L<£, (£ 
is the correlation length), at least for systems with periodic 
boundary conditions.14 

III. RESULTS AND DISCUSSION 

In order to investigate the nature of the phase transition, 
we plotted the size dependence of the maximum in the spe- 
cific heat and the susceptibility on a log-log scale (Figs. 2 
and 3). Four different linear fits were performed using sys- 
tem sizes N^n^N^5A91 with respectively A^min=329, 689, 
1433, and 2481. We were not able to conclude about the 
nature of the phase transition since the slope increases with 
NMn (1.30±0.08, 1.40±0.09, 1.52±0.12, 1.61 ±0.21 for 
Cmax and 1.76±0.08, 1.8±0.1, 1.88±0.15, 1.93±0.23 for 
A'max) showing a nonanalytic behaviour for the two thermo- 
dynamic quantities. Then, one should keep in mind that, for 
a first-order transition, the L2 behaviour can be observed 
only if L is larger than £ For example, the asymptotic regime 
of the 2D pure ten-state Potts model13 which is characterized 
by a small correlation length («*6 lattice spacings) is reached 
by L= 12. For the pure 2D eight-state Potts model, the cor- 
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S 

^3 + 

2.5 -    <f 
— N = Ntot 

o  N~0.13xNtot 
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3 3.5 
ln(L) 

-+- 
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FIG. 2. Log-log plot of the size dependence of Cmax (the dashed line cor- 
responds to a linear fit; where not shown, the estimated error bars are 
smaller than the symbols). 

relation length is about 15 lattice spacings [£(# = 8)^2.5 
Xg(q= 10)].15 So, if we assume that the correlation length 
is roughly the same in the octagonal tiling as in the square 
lattice, we should observe the L? behavior since Lmm<*>l\ in 
this study (Nmax=5497). On the other hand, let us remind 
that the asymptotic regime of the 2D random-bond eight- 
state Potts model is reached approximately by L = 28. So, 
the asymptotic regime should be observed too if our system 
undergoes a second-order transition. In order to get more 
information, we plotted the probability distributions of the 
internal energy at TC(L) that can be very useful to determine 
the nature of a transition (even if L<i;)}A Unfortunately, 
they do not allow to conclude either. Indeed, for N^s 1433, 
they look like single-Gaussian distributions which should 
suggest a second-order transition but they clearly exhibit a 
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FIG. 3. Log-log plot of the size dependence of xmax (the dashed line corre- 
sponds to a linear fit). 
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FIG. 4. Probability distributions of the internal energy for N=Nm=6&9 at 
kTIJ=0.8550 (single-Gaussian distribution) and for iV=705 and NSot 

=5497 at kTIJ=0.8730 (double-Gaussian distribution). 

shoulder for A^=2481 and 5497. These unusual shapes for 
the probability distributions suggest that our numerical data 
are strongly disturbed by free boundary effects. 

To clarify the question about free boundary effects, MC 
data from the simulations with N^0.l?>X.Ntot are presented 
below (analysis of the core of the tiling). For a given N, 
Cmax, and Xmwi> increase with Nlot (Figs. 2 and 3) indicating 
that the internal energy and the order parameter fluctuations 
in the vicinity of the transition are more important as the free 
boundary effects lower. This can be seen on the probability 
distributions of the internal energy which evidence that low 
energy states corresponding to the ordered phases are occu- 
pied for the systems with N<Ntot but are missing if N =Ntot 

(Fig. 4). Moreover, the probability distributions look like 
double-Gaussian distributions. The estimated free energy 
barrier increases with size AT [AF(N= 89) = 0.08±0.03, 
AF(N= 329) = 0.19 + 0,05, and AF(N= 705) = 0.38± 0.05] 
indicating that the phase transition is first order as in 2D 
periodic lattices. Note that the slope of the linear fit of the 
size dependence of Cmax and xmax are, respectively, 1.37 
±0.03 and 2.02±0.02 (Figs. 2 and 3). So, the size depen- 
dence for ;^max is consistent with a first-order transition 
whereas the one for Cmax is difficult to explain. 

In order to estimate the infinite tiling transition 
temperature,12'13 we investigated the dependence of the loca- 
tion of xmax vs L~2 for the three simulations with A/^0.13 
XNtot. Two linear fits, using either the three data points or 
discarding the point Af=89, provided, respectively, kTcIJ 

=0.8745±0.0015 and 0.8757±0.0006 which are in good 
agreement. Note that these two estimates are also consistent 
with those obtained from the size dependence of the location 
of Cmax, that is, kTc/J=0.S15±0.001 and 0.8760±0.0007. 
So, the transition temperature of the eight-state Potts model 
on the octagonal tiling (mean coordinence (z) = 4) is slightly 
higher than on the square lattice (kTc/J=0.8513).4 This 
higher tendency to ferromagnetic ordering in quasiperiodic 
tilings has already been observed in previous studies on the 
Ising and Potts models.16"20 

IV. CONCLUSION 

Our investigation on the eight-state Potts model on the 
2D quasiperiodic octagonal tiling has evidenced drastic free 
boundary effects in studying first-order transitions by MC 
simulations. These effects strongly disturb the probability 
distributions of the internal energy which do not exhibit two 
peaks in the vicinity of TC(L) as for systems with periodic 
boundary conditions. Rather than increasing the size of the 
tilings, an analysis of the energy probability distributions of 
the core of the tilings has been used to evidence a first-order 
transition, as in 2D periodic lattices. From MC data relative 
to the whole tilings, the L2 behavior has not been observed, 
neither for Cmax nor for xmax, probably because of free 
boundary effects. Quite surprisingly, MC data for the core of 
the tilings reveal different scaling behavior for ^max and Cmax 

(L2 behavior for ^max and a nonanalytic form for Cmax). 
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A generalized exact renormalization group (RG) equation for the Ginzburg-Landau-Wilson 
functional of an arbitrary symmetry, containing invariants of all orders, with nonlocal vertices is 
derived. Unlike other RG equations which contain an infinite number of redundant operators, the 
equation derived is free of them.   © 1998 American Institute of Physics. [S0021-8979(98)32911-4] 

The new concepts brought about by the renormalization 
group (RG) theory in the 1970s helped one to understand 
critical phenomena at continuous phase transitions in mag- 
netic systems.1 Using RG theory, systematic perturbative RG 
expansions were developed to calculate critical exponents 
with a high accuracy.2'3 In addition to the perturbation 
theory, RG has been successful in deriving exact RG 
equations,4 which not only provide a good insight of the 
theory, but also give a basis for developing new approxima- 
tion schemes.5-9 Working with exact RG equations is a dif- 
ficult task which has its origin in the fact that an exact RG 
equation contains an infinite number of redundant 
operators,10"12 which carry no physical meaning. Their ex- 
clusion from the RG equation is therefore a necessary but at 
the same time a complicated task, which requires imposing 
additional conditions. The problem of eliminating redundant 
operators for isotropic systems was considered in Ref. 8. In 
the present article we develop a new RG procedure appli- 
cable to arbitrary anisotropic systems. As a result we obtain 
an exact RG equation free of redundant operators. 

We start with the most general kind of Ginzburg- 
Landau-Wilson functional 

G0(q,A) = q-zS(qz/Az) (3) 

tu n 

Hitrfq)^^1-2* 2 
k = 0 Jql...q2kal,...,a2k-\ 

ai,...,a2k 

X(qi,...,q2,)(27r)d«5  2 q, 
2k 

i = l 

2k 

xU ¥>a'(q,0 
i=i 

(1) 

where <p is an «-component vector and fq=Jddq/(2Tr) . 
The vertices gk have an arbitrary tensorial structure with 
respect to the space indices at. Let us define an RG proce- 
dure in the following way. We cut off all momentum inte- 
grals at an upper momentum A by adding to the functional 
H, a term H0 

^o[^]=^/Gö1U,A)|^(q)|2, 

where the propagator G0 is defined by 

(2) 

Here S(x) is a monotonic function with the properties S(x 
= 0) = 1 and limbos S(x)xm = 0 for any m. 

We now perform two steps which are standard for RG. 
First, apply a Kadanoff transformation to thin out the origi- 
nal Hamiltonian by integrating those Fourier components 
<p(q) corresponding to momenta within a spherical shell 
A(l — £)<<?< A in momentum space with £<?1. The 
Kadanoff transformation succeeds in bringing down the cut- 
off momentum to A(l -£). Second, we rescale all the rest 
momenta in order to restore the original cutoff momentum 
A. 

Let us introduce the designation: 

(4) 

(5) 

Z= j D<ptxp(-H[tp]) 

= Z0(exp(-#y[^]))o,A-Z0(w|>])o,A, 
where 

Z0=j D<pexp(-H0[<p]), 

and the averaging (...)O,A 
iS performed with respect to the 

functional H0[<p] at a given value of A. Note that if <p(q) 
= <p,(q) + <p2(q) and G0(q,A) = G01(q,A[) + G02(q,A2), 
the following identity can be generated: 

(w[<p])o,\=ZölJ D<fw[<p]exp(-H0[<p]) 

= zmlz02lJ D<P\D<f>2w[<Pi>'P2] 

Xexp(-//0[<p1,<p2]), 

where 

Z0,= | D<pt exp - - | G0-.'(^,A,.)|^(q)|2 

Ho[*>i.ft]=2 / Goi'te.AJkita)!2 

+ 2 J GÜ2\qM)\<P2(<l)\2- 

(6) 

(7) 
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Choosing G0l(q,Al) = G0(q,A(l-£))  with £<§1, makes 
the function G02 of order £, 

G02(9,A2) = G0(?,A)-G01(?,A1) 

dG0(q,A) 
= £A — = 2&(q), 

^„"2A2 h(q) = q-'A 
dS(q2/A) 

dA2     • 

(8) 

Modes <p2(q) are those with momenta within a shell A(l 
-£)<#< A which should be integrated out. To do so and 
have the first step completed we expand (w[(pi,(p2]) in Eq. 
(6) with respect to tp2(q) to obtain 

(w[^])o,A = -Zoi1Z021J D^Dtpj w[<Pi] 

+ 

/2 J a   a 

-\ 2 -4 2   )qq'a,ß    S<p" 

<P2
a(q) 

S2w[<P\\ 

X<p2«(q)<^(q') + 

(q)^f(q') 

exp(-//0[<Pi.<P2])- 

(9) 

Having in mind the Gaussian nature of H0[<px ,<p2l only even 
terms in the above expansion survive. Keeping terms of the 
lowest order with respect to £, the integration yields 

<w[^(q)]>o,AH    1 + £VJA(9)2   ^ (q)<V*(-q) 

Xw[**q)]) 
' 0,A(l-f) 

(10) 

where the averaging (...)o,A(i-0 is performed with respect 
to the functional 

//0[^,A(l-^)]=- j" G^1(^,A(l-^))|<p(q)|2.   (11) 

Consequently, the right-hand side of Eq. (10) contains effec- 
tively only modes with q < A (1 - £). The first step of the RG 
transformation has been completed. 

For the second step, we must rescale the momentum to 
restore the original cutoff A through transformation q 
= q'(l-£). This rescaling changes H0[A] to H0[A(l 
— £)] as follows: 

ff0[>,A(l-£)]=- jGo'^AU-^Mq)!2, 
(12) 

However, we must restore this change since it is essential to 
the restoration of A. We do so by substituting <p(q), 

^a(q) = S [Saß+Zeaß(q)]<plß[q(l + Z)] 
(13) 

=2 
ß 

8aß+£\ eaß{q)+Saßq- 
dq <p'ß(q), 

where at present eaß(q) is an arbitrary tensor with the only 
condition eaß(q)=eßa(-q). Then we apply the above 
transformation to (w[^(q)])0A(1_^ of Eq. (10). After keep- 
ing terms of the lowest order in £ and using the relationship 
w[<p] = exp(-Hl<p]) we derive the RG equation for Hj, 

H,[<p] = Vd 
dH,[<p]     V 

dV        2 J q  a 
*(q) 

"4  f 2  VaP(<ÖGö\q,A)<Pa(q)<Pß{-q) 

+ /2 
Jqa,ß lqa,ß 

d<Pa{q) 

d+2        vaß(q)\ 
y=- U>a(q)+S^q 

SH,[cp] 
\h{q) 

J q 

x2 

dq    j S<pf>(q)     Jq 

S2H,[<p] SH,[<p]   SH,[<p] 

öcpa(q)8<pa(-q)     Scpa(q) Scpa(-q) 

(14) 

Here 97a/3(q) is defined as 

7}aß(q)=Saß(d+2)-2eaß(-q). (15) 

Equation (14) is an exact RG equation for functional (1). It 
contains an arbitrary function rjaß{q). Note that if we 
choose 7jaß(q) = 0 then the resulting simplified RG equation 
will be similar to the traditional ones, and as in those cases it 
will contain redundant operators. Not being physical, these 
operators must be eliminated by developing a proper proce- 
dure. Our goal is to find the correct choice of the tensor r}aß 

which will make the RG Eq. (14) free of redundant opera- 
tors. Explicitly, Eq. (14) generates different vertices g"ß(q). 
Some of the ^-dependent part of this renormalization can be 
incorporated into G0 of the functional H0. This means that 
the cutoff A is affected which should, however, remain un- 
changed. To avoid so, we define r)aß(q) such that it cancels 
out the q -dependent renormalization of the vertex gf^(q). 
To achieve this, we use Eq. (14) to write explicitly the 
change of vertices g"ß corresponding to zeroth and first or- 
der in <pa(q)<pß(-q). Then we require that g"ß is momen- 
tum independent initially and must remain so after the trans- 
formation so that H0 which controls the cutoff remains 
intact. This requirement finds a momentum dependent ex- 
pression for the tensor r]aß(q). First, we extract an explicit 
equation for the vertex g^q) from Eq. (14), 
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d 

2Say-rjay(q) 

Sayq- 
dq gjß(q) + 1 Qaßyy(q) 

-2E gaAq)gX\q)h{q), (16) 

where 

ß«^q) = 3 f ft(p)*2
a^(q-q,P,-p). (17) 

Jp 

We can now split Eq. (16) into two equations: one for g10, 
which is the momentum independent part of g^q), and an- 
other for g[(q) = gi(q)-gio, 

ir<f=S [2Sa?-rj"y(0)]gJoß+I< Qaßyy(0) 
y y 

-22 s?„r*(0); (18) 

g[aß(q)=-Vaß(q)Gö\q,A) + J, 28ay-rjay(q) 

-say
q- - g[yß(q)-[vay(q)-yay(0)]gyoß 

+ Qaßyy(q)-Qaßyy(0)-2g^g^[h(q) 

-hm-2[g^g[yß{q)+g'r(q)gy$ 

+ glr(q)g'l
yß(q)]h(q)\ (19) 

Using Eq. (19) we can define the function rjaß(q) sucn tnat 

the derivative of g[(q) is equal to zero. This means that if 
the vertex g^q) of the initial functional H, is a constant then 
a ^-dependent part of this vertex will not be generated and 
the functional H0 will be intact within the renormalization 
procedure. The requirement |[(q) = 0 implies that 

Vaß(q)=Vaß(0)-Jl    V
av(0)Gö\q,A) 

+ 2 [2[h(q)-h(0)]g^g^-Qa^(q) 
7 

+ Qavyy(0)]\[g^+G^(q,A)S^y (20) 

Equation (20) defines the momentum dependent part of 
the function r}aß(q). We still have to define n2 components 
of the tensor 7jaß(0). We can use these values to simplify 
the RG equation and clarify the physical meaning of rjaß. To 
do this, let us diagonalize the vertex |10 in the initial func- 
tional Hi. This can always be done without loss of general- 
ity. The diagonal components of this tensor are trial critical 

temperatures for the corresponding components of the order 
parameter ^>(q). However, as one can see from Eq. (18), even 
if the nondiagonal part of the tensor g"§ does not exist in the 
initial functional, it will be generated within the renormaliza- 
tion process. We can use the arbitrariness of tensor rjaß to 
keep the tensor g"{j diagonal. In order to do this, let us split 
Eq. (18) into two separate equations, for diagonal and non- 
diagonal parts of the vertex g"§. Defining g"tf=Saßra 

+ {\-Saß)raß, we have 

ra={2- v
a)ro+Q°{0)-2(ra)2h(0); 

■-(2-V
a)raß-^Z Vayryß+Qaß(0)-Vaßrß 

7 

(21) 

-2 raraß+raßrß+ V   rayr7ß MO), (22) 

where rja, Qa and ijaß, Qaß are diagonal and nondiagonal 
elements of tensors r)aß and 1yQaßyy, respectively, 

v<*ß(0) = öaß7}a+(l-8aß)yaß; 

2 ßa/3rr(q) = ^öa(q) + (i-^)ß^(q)-      (23) 

Now by choosing 

yaß=Qaß/rß, (24) 

it is guaranteed that if the initial functional does not contain 
nondiagonal parts of the vertex g t, then this vertex remains 
diagonal after the renormalization. If at last we require that 
the expansion of Tjaa(q) does not contain q2 terms, then the 
diagonal part of the tensor rjaß{0) is 

Va = ^2[Qa(q)-2h(q)(ra)2l/=0. (25) 

Function ^"^(q) is now completely defined and there is no 
more freedom in the exact RG Eq. (14), therefore it must 
contain no redundant operators. The physical meaning of the 
function 7jaß is suggested by Eq. (21): at the stable fixed 
point of the functional (1), TJ" is equal to the critical expo- 
nent 7/ of the corresponding critical mode <pa. 
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By using a local mean-field microscopical numerical approach, we investigate the role of frustration, 
random vacancies, and magnetic field cycles on the random-exchange and random-field Ising 
model-like behaviors of the diluted antiferromagnet Fe0 48Zn0 52F2. The analysis includes studies on 
microscopic configurations, distribution of local effective fields, and the crossover exponent (p, 
which were found to be in good agreement with the experimental results. © 7995 American 
Institute of Physics. [S0021-8979(98)23211-7] 

Much progress has been achieved in the last few years 
on the characterization of the phase diagram of the insulating 
diluted antiferromagnet (DAF) FeJ.Zn1_J.F2. Nevertheless, a 
complete understanding of the relative influence of its micro- 
scopic ingredients, namely, the local density fluctuations, the 
presence of a small magnetic frustration, and the short range 
of the spin interactions, is still lacking. In the following, we 
investigate the roles of these elements in the presence of 
magnetic field cycles by using a local mean field (LMF) 
microscopical numerical approach.2'3 

The DAF compound FexZni_xF2 has a strong single-ion 
anisotropy in the easy-magnetization direction which makes 
it a nearly ideal experimental realization of an Ising system.4 

All its important microscopic ingredients can be found in the 
DAF Hamiltonian in the presence of a uniform magnetic 
field H, 

where the local field effectively seen by this spin is 

hr- -2 Ji+ sfi+s^i+s + PoH- (3) 

The numerical procedure starts by choosing an initial ran- 
dom configuration {£,■,(§?,■} in the high-temperature (T 
= 150 K) paramagnetic (PM) phase. The system is then 
cooled in a rate A7=0.05 K and, at each temperature, Eqs. 
(2) and (3) are iterated for every magnetic site until a con- 
vergence criterium2'3 is satisfied. The cooling procedure is 
repeated until reaching the minimum temperature T= 2 K 
from which the system is heated by using the same amount 
AT, and then the measurements are done. We have followed 
the experimental procedures in FexZn1^xF2 as close as pos- 
sible. In a zero-field cycle (ZFC) the system is cooled in H 
= 0 to the minimum temperature and a magnetic field is 
applied along the heating process. On the other hand, in a 
field cycle (FC) both cooling and heating procedures are per- 
formed in the presence of H. We simulate bcc lattices with 
two sublattices of 303 sites each and periodic boundary con- 
ditions. In order to eliminate any possible dependence of the 
results on some initial configuration, we average over 50 
independent samples {S,-,^-}. 

The   compound   Fe048Zn052F2   presents   a   random- 
exchange Ising model (REIM)-like behavior at zero field.1'5 

In //#0, it experiences1'5 a field-induced crossover upon 
ZFC from the  REIM to  the  random-field Ising  model 

the random quenched substitution of magnetic ions Fe+2 by       (RFIM)-like behavior. The LMF results indicate6 that the 

(1) 

where 5,,= ±2 (Fe+2), ^ = 0, 1, and / is summed over the 
three short-range exchange interactions between nearest 
neighbors in a centered tetragonal lattice. By fitting the Neel 
temperature which marks the onset of the AF phase for the 
pure system, TN{x = 1) = 78 K, we fixed the exchange con- 
stants so that the experimental ratios jl=Ji/J2=—0.013 
and j3 = J3/J2= +0.053 measured for the pure compound 
FeF2 are kept unaltered.4 Disorder and frustration are present 
respectively in the form of local density fluctuations due to 

,+2 

nonmagnetic ones Zn+2 ("vacancy" sites), and in the pres- 
ence of a small frustrated super-exchange planar interaction 
y3 with respect to the dominant AF coupling j2. 

The LMF method2'3 consists in solving iteratively the 
self-consistent equations involving the thermally averaged 
spins, m,e[-2,2], 

= (5,)r=2tanh{/!(.//CBr},     §?,= !, (2) 

"Electronic mail: raposo@cmt.harvard.edu 

combined action of random vacancies and magnetic field in- 
duces an AF long-range order (LRO) that exist up to the 
neigborhood of the critical temperature, and is essentially 
constituted by two large slightly-interacting interpenetrating 
structures with AF internal arrangements, each one occupy- 
ing approximately half of the sample, in agreement with 
some very recent experiments.1'7 The domain walls are 
strongly pinned along the vacancies8 and can minimize the 
energy cost by avoiding as much as possible to embody frus- 
trated magnetic bonds so that a different picture emerges 
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FIG. 1. (a) Few isolated clusters (full squares) represent spins reversed by a 
ZFC magnetic field, H= 1 T, with respect to the H=0 frustrated configu- 
ration close to the ground state, T/TN(x= 1) = 0.06. Odd (even) horizontal 
lines correspond to consecutive layers of sublattice A (B). (b) Correspon- 
dent local effective field distribution P(/J,) of one sublattice. The nonfrus- 
trated case is presented in the inset. 

FIG. 2. (a) Even a very low magnetic field H=\ G upon FC induces a 
remarkably distinct low-7" configuration (differences indicated by full 
squares) relative to the AF LRO H=0 and ZFC states. The correspondent 
local effective field distributions of one sublattice are depicted in (b) for the 
frustrated and nonfrustrated (inset) cases. 

to the RFIM-like behavior is described by the crossover ex- 
ponent <t>,u 

T*-Ti(H) = AH2,<t'. (4) 

Above, the same scaling dependence experimentally11 and 
numerically10 seen for the critical [TC(H)] and equilibrium 

with respect to the usual Imry-Ma argument,9 including the 
existence of fractal domains.10 

The microscopic states for low and moderate ZFC fields 
are similar to those obtained in H= 0, except for the presence 
of some  small isolated clusters,  as  also experimentally 
probed.1'7 In Fig. 1(a), two consecutive layers (one of each [Teq(H)] nnes is accounted by considering both cases. 
sublattice) randomly chosen in the bulk of the system are 
projected onto a plane so that spins belonging to the sublat- 
tice A (B) are displayed by squares in the odd (even) hori- 
zontal lines. Full squares represent reversed spins in the frus- 
trated systems after H= 1 T ZFC, relative to the H=0 case 
at the very proximity of the ground state, TITN{x=\) 
= 0.06. Figure 2(a) displays the associated field distributions 
for one sublattice of these samples, with the nonfrustrated 
case shown in the inset. A very similar picture is also found 
in H=0. Furthermore, we notice that frustration plays an 
important role for the nucleation process upon ZFC by in- 
ducing the presence of competitive local fields. Indeed, the 
presence of frustration introduces more important changes on 
the properties of the system than low and moderate magnetic 
fields do after ZFC. 

On the other hand, a FC procedure at x = 0.48 leads to a 
very distinct domain state without AF LRO at low tempera- 
tures even for low fields.10 In Fig. 1(b), a very small field 
H=IG was applied upon FC and the differences with re- 
spect to the zero-field configuration at T/TN(x = 1) = 0.06 are 
represented by full squares. Figure 2(b) displays the associ- 
ated field distributions for one sublattice. Notice from Fig. 
2(b) that frustration is unimportant in the FC regime. 

The field-induced crossover upon ZFC from the REIM 

Ti(H) = Tc(H) and Ti(H) = Teq(H). In the former, T* 
= TN(x = 0.48), whereas in the latter T* is the highest tem- 
perature below which the total magnetizations measured af- 
ter ZFC and FC begin to differ. The LMF results for the 
exponents in the presence of frustration, 4>c= 1.28±0.06 and 
(f>eq= 1.30±0.08, nearly agree with the experimental" and 
Monte Carlo10 ones, <jy^ 1.40-1.46, if the range of concor- 
dance between independent measurements is considered. No- 
tice that the equivalent scaling dependence in the critical and 
equilibrium lines is also probed by the LMF method. It is 
remarkable that the exponents do not depend (within the er- 
ror bars) on the presence of frustration for both Teq(H) and 
TC(H) lines. Figure 3 displays the numerical data along with 
the best-fitting curves and the most generally accepted ex- 
perimental value, ^>=1.42.1'11 The LMF approach causes an 
enlargement of the region where the Teq(H) and TC(H) lines 
differ. We have also observed a reentrant behavior in Ttq{H) 
for extremely low fields, //<0.01 T, as detailed in the inset 
of Fig. 3(b). However, the absence of experimental data in 
this range of fields prevent us to comment on the reality of 
this reentrance. It would be interesting to probe it in the real 
compound. 

From the H vs T diagrams one can also speculate about 
the irreversibility and stability of the AF LRO at x = 0.48. In 
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FIG. 3. (a) Critical and (b) equilibrium lines at x = 0A8. The respective 
best-fitting plots <f>=1.28 and <f>=13 are shown along with the experimental 
value <f>=lA2 (see Ref. 1) characteristic of the RFIM-like behavior. Inset in 
(b) displays the numerical reentrance observed for very low magnetic fields, 
HS 0.1 T. 

the free energy surface, irreversibility is related to the dis- 
placement or disappearance of local minima due to changes 
in H or T.2 After ZFC to a low-temperature state, when the 
uniform magnetic field is turned on and kept fixed, the sys- 
tem initially exhibits an irreversible AF phase whose LRO is 
broken down when the critical line TC(H) is crossed during 
the heating process. The system thus enters an irreversible 
close-PM regime in which spin correlations still exist.6 Be- 
low TC(H) the difference between the ZFC and FC measures 
means that the FC domain state cannot reach its equilibrium 
configuration within the characteristic LMF or experimental 
times.   In   this   sense   only   the   ZFC   states   are   quasi- 

equilibrated. On the contrary, in the vitreous intermediate 
phase, Tc(H)<T<Teq(H), it has been shown2 that the 
domain-like states without fully developed AF LRO have 
less free energy than those ones associated with the AF LRO. 
The high-r reversible behavior is restored only after crossing 
the Ttq(H) line above which the equilibrium measurements 
from both ZFC and FC procedures coincide. 

Finally, we would like to mention that the consistency of 
the LMF results was also attested by applying the same nu- 
merical procedure for the system at x = 0.25. The value 
obtained,12 </>eq=3.8±0.6, is in good agreement with the ex- 
perimental one, <f>=3.4±0.2, measured1 for Fe02sZn075F2, 
which is associated with the presence of a spin-glass-like 
phase without AF LRO. The independence of frustration in 
the crossover exponents has been also observed.12 
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In the crystal structures of CsFe(S04)2, RbFe(S04)2, and KFe(S04)2, the magnetic Fe3+ ions form 
a triangular array in well separated layers. CsFe(S04)2 and RbFe(S04)2 may be regarded as 
realizations of the highly frustrated triangular lattice antiferromagnet, whereas KFe(S04)2 is a 
suspected realization of the row model. The latter model is characterized by two couplings J' and 
J, and for J'/J>0.5 forms a helical spin structure with an incommensurate repeat distance. The 
regular triangular lattice magnet may be described by the row model with J' — J, and its "120°" 
spin structure may be regarded as a special case of this helical structure. We have determined the 
low temperature (1.3 K) magnetic structures adopted by CsFe(S04)2, RbFe(S04)2, and KFe(S04)2 

by powder neutron diffraction. CsFe(S04)2 and RbFe(S04)2 adopt the expected 120° helical spin 
structure of the triangular lattice magnet, but KFe(S04)2 does not adopt the expected 
incommensurate helical structure of the row model. Rather, it adopts a sine wave modulated 
structure. Possible reasons for this behavior are discussed. © 1998 American Institute of Physics. 
[S0021-8979(98)50511-7] 

The triangular lattice antiferromagnet is the prototypical 
two-dimensional frustrated magnet. It exhibits a wealth of 
unusual properties, such as novel critical exponents,2 large 
quantum fluctuation effects,3 and anomalous percolation 
properties.4 Recently we showed that the materials with lay- 
ered crystal structures related to that of the mineral Yavapai- 
ite KFe(S04)2 are of interest as realizations of a model quasi- 
two-dimensional triangular lattice antiferromagnet.5 With 
regard to their magnetic properties, the Yavapaiite materials 
can be classified into two major groups, depending on the 
symmetry of the triangular net occupied by the magnetic 
atoms. The materials in the first group, which includes 
CsFe(S04)2 and RbFe(S04)2, have an equilateral triangular 
lattice, and approximate very well to the two-dimensional 
Heisenberg model antiferromagnet on the triangular lattice. 
Those in the second group, which includes KFe(S04)2, have 
an isosceles triangular (i.e., centered rectangular) lattice. 
They may thus be considered realizations of the "row" 
model.6"8 The relationship between the regular triangular lat- 
tice model and the row model is illustrated in Fig. 1; in the 
regular triangular lattice model all magnetic bonds are of the 
same strength (J), whereas in the row model "horizontal" 

"'Authors to whom correspondence should be addressed. 
b'Electronic mail: s.t.bramwell@ucl.ac.uk 

bonds are of different strength (J') to the remaining bonds 
(/). Zhang et al.6 and Kawamura7 have studied the XY row 
model and shown that for J'/J> 1/2 the ground state is a 
spin helix propagating along the row direction, with period 
determined by the ratio /'//. The regular triangular lattice, 
with J'/J=l, may be regarded as a special case of the row 
model, in which the turn angle of the helix is 120°; however, 
for general J'/J, the period of the helix is incommensurate 
with the lattice. The stacked row model, with unfrustrated 
interlayer coupling, was introduced by Kawamura7 to ex- 
plain the magnetic structure of RbMnBr3.9 However, the 
model can potentially be used to describe any C-centered 
spin lattice in which a^b^3. Thus, the class of C-centered 
orthorhombic compounds MX04, such as MnS04

10 and 
/?-CrP04,n may also be regarded as realizations of this sys- 
tem; they indeed exhibit the expected incommensurate heli- 
cal structure. 

In this work we determine the low temperature magnetic 
structures adopted by the title compounds, and compare 
these with theoretical expectations for the row and triangular 
models. The magnetic susceptibility versus temperature 
curves of all three compounds show anomalies in the region 
of 4-5 K,5 which can be attributed to magnetic ordering 
transitions. Using the DIB powder diffractometer at the In- 
stitut Max von Laue—Paul Langevin, Grenoble, France, we 

0021 -8979/98/83(11 )/6314/3/$15.00 6314 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Serrano-Gonzälez et at.       6315 

(a) 

FIG. 1. (a) The regular (equilateral) triangular lattice, showing a unit cell 
(shaded area with vectors a and b; (b) the row model lattice, in which 
horizontal bonds (double lines) have a different strength to other bonds 
(single lines). In the crystal structures of CsFe(S04)2 and RbFe(S04)2 the 
magnetic Fe ions occupy a lattice of the type shown in (a), whereas in the 
crystal structure of KFe(S04)2 the magnetic Fe atoms occupy a lattice of the 
type shown in (b). In (b) the primitive unit cell shown (shaded area with 
vectors a and b) describes the magnetic structure of KFe(S04)2. The lattice 
sites labeled O.A. and B are referred to in the text. 

have measured diffraction patterns both above ordering 
transition12 and at 1.3 K, and subtracted these to create a 
magnetic-only diffraction pattern (in this temperature range 
thermal effects on the nuclear diffraction pattern are negli- 
gible). All the magnetic diffraction patterns show Bragg 
peaks arising from three-dimensional magnetic order. Mag- 
netic structures were determined using the GSAS13 and 
FULLPROF14 program packages, assuming a pseudo-Voigt 
line shape, and zero point corrections and scale factors de- 
rived from fits to the nuclear structure. The magnetic form 
factor for Fe3+ was calculated from Ref. 15. 

Crystallographic data for the three title compounds are 
given in Table I. In the case of CsFe(S04)2 and RbFe(S04)2, 
the magnetic diffraction pattern was indexed on a unit cell 
with   am = bm = aV3,   cm = 2c,   am = ßm = 90°,   ym = 60°, 

TABLE I. Crystallographic data for CsFe(S04)2, RbFe(S04)2, and 
KFe(S04)2. The magnetic Fe3+ ions occupy the (0,0,0) position in each 
case, and so the Fe sublattice is uniquely defined by the centering symbol 
(P or C) of the space group. For full crystallographic details see Ref. 5. 

Compound    Space group Lattice parameters 

CsFe(S04)2 

RbFe(S04)2 

KFe(S04)2 

P3 a = fc = 4.8612(5) Ä, c = 8.7081(l) Ä (20 K) 

P3 a = fc = 4.8189(5) Ä, c = 8.2248(2) Ä (8 K) 

C2/m       a = 8.0926(8) Ä, b = 5.1401(5) Ä, c = 7.8026 Ä, 
0=95.155(11)° (15 K) 

FIG. 2. Fit of the magnetic model described in the text to the experimental 
magnetic-only powder diffraction pattern of CsFe(S04)2 at 1.3 K. The fig- 
ures show experimental (+ marks), calculated (upper solid line), and differ- 
ence (observed—calculated, lower solid line) magnetic diffraction profiles. 

where a, b, and c denote the crystallographic unit cell pa- 
rameters. The diffraction data are well described by a model 
in which the spins form a three sublattice "120°" structure 
in the basal {ab) plane, and there are two basal planes per 
magnetic unit cell. Spins in adjacent layers are rotated by an 
angle cf>, which was found to have the value 180° ± 10° for 
CsFe(S04)2 and 150° ± 10° for RbFe(S04)2. Note that pow- 
der neutron diffraction cannot give the in-plane spin direc- 
tion for the high symmetry structures of CsFe(S04)2 and 
RbFe(S04)2.16 The refined values of the magnetic moments 
were fi = 4.2±0.2 fiB for CsFe(S04)2 and fj, = 4.5±0.2^ 
for RbFe(S04)2, which are close to the maximum expected 
value fi = 5fiB for Fe3+. The fit to the experimental magnetic 
diffraction pattern for CsFe(S04)2 is shown in Fig. 2. 

In the case of KFe(S04)2, the magnetic Bragg peaks 
could be indexed on the unit cell illustrated in Fig. 1(b). This 
cell is primitive in the basal ab plane, but contains two basal 
planes along the c axis. 

With respect to this unit cell, the magnetic Bragg peaks 
could all be indexed by the wave vector (0.73, -0.73, 0). 
This implies that neighboring spins along the row direction 
are approximately antialigned, but that the antiferromagnetic 

[1,-1,0] 

[1,1,0] 

FIG. 3. Sine-wave modulated magnetic structure used to describe the mag- 
netic diffraction pattern of KFe(S04)2, as described in the text. The figure 
shows two "rows" in the a b plane of the KFe(S04)2 structure (not drawn 
to scale), with the projection of the magnetic structure into the a b plane. 
The spins shown lie along the [ 1, 1, 1/2] and [ -1, -1, -1/2] directions, 
which are denoted as (+) or (-) on the diagram. The spin amplitude is 
modulated along [1,- 1,0] (indices refer to the unit cell shown in Fig. 1). 
Note that the spins in the upper row may look more strongly modulated than 
those in the lower row, but in fact the modulation is the same. In the 
adjacent layer the spins similarly lie along either [1, 1, -1/2] or [-1, 
-1, 1/2]. 
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FIG. 4. Fit of the magnetic model described in the text and shown in Fig. 3 
to the experimental magnetic-only powder diffraction pattern of KFe(S04)2 

at 1.3 K. The figures show experimental (+ marks), calculated (upper solid 
line), and difference (observed—calculated, lower solid line) magnetic dif- 
fraction profiles. 

rows are modulated with a long repeat distance which is 
incommensurate with the crystal structure (ratio of periodici- 
ties approximately equal to 0.73). The modulation may be of 
the sine wave or helical type, but the indexing imposes se- 
vere limitations on the possible magnetic models. All plau- 
sible models were tested. Helical structures were tested first, 
and it was found that none of these described the data, even 
assuming an elliptical, rather than circular, helix (and 
thereby introducing an extra fitting parameter). In contrast, 
one particular sine wave modulated model was found to de- 
scribe the magnetic diffraction pattern well, with a maximum 
magnetic moment of 4.3 ± 0.2/J,B , again close to the maxi- 
mum expected value for Fe3+. In this model, shown in Fig. 
3, the spins in a given layer are uniaxial, but the spin axis 
alternates from layer to layer. Thus, in the first layer the 
spins lie along ±[1,1,1/2] and in the second layer they lie 
along ±[- 1,- 1,1/2]. The spin amplitude is modulated per- 
pendicular to this direction along [1,— 1,0], i.e., the row di- 
rection, as shown in Fig. 3. The fit of the model to the ex- 
perimental data is illustrated in Fig. 4. 

These results may be discussed in terms of the Heisen- 
berg row model. It is easy to show that its T=0 ground state 
is coplanar, and is the same as that of the XY row model.6'7 

For J/J'<2, this consists of a helical spin structure with a 
magnetic unit cell consisting of two rows, and an incommen- 
surate repeat distance along the row direction. This magnetic 
structure minimizes the energy of every elementary triangu- 
lar plaquette of spins OAB, where spins A and B lie in the 
same row and spin 0 lies in the adjacent row [see Fig. 1(b)]. 
Let 80, dA, and 6B denote the orientation, in the XY plane, 
of the spins on sites O, A, and B, respectively. If 0O is set 
equal to 0°, then 6A = 180°-cos-'(7/27') and eB=-6A. 
The wave vector of this magnetic structure, referred to the 
primitive unit cell defined in Fig. 1, is (0A/36O°, ~ <V360°). 

The magnetic structures of CsFe(S04)2 and RbFe(S04)2 

have 6o = 0°, 6B=120°, and 6>A = 240°, corresponding, as 
expected, to 7/7'= 1. The magnetic structure adopted by 
KFe(S04)2 has wave vector (0.73, -0.73, 0), corresponding 
to 8A<**9T, 7/7'~ 0.25. However, rather than adopting this 
helical structure, KFe(S04)2 adopts a sine wave modulated 
structure with the same wave vector. This structure can be 
derived from the expected helical structure by suppression of 
one of its two orthogonal spin components. The adoption of 
this partially disordered spin structure is consistent with the 
fact that helical structures cannot develop in a system with 
lower than tetragonal symmetry at a second order phase 
transition.17 In fact, Solyom18 showed that for the C-centered 
orthorhombic structure of MnS04, the helical spin structure 
can only arise via three second-order transitions. The obser- 
vation of a sine wave modulated structure well below the 
ordering temperature in KFe(S04)2 is nevertheless surpris- 
ing, as it implies both substantial anisotropy to fix the spin 
direction, and also large-amplitude spin fluctuations persist- 
ing to low temperature. The origin of this spin structure 
leaves an intriguing problem for future investigation. 
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Phase transition and phase diagram of the J-\ - J2 Heisenberg model 
on a simple cubic lattice 

C. Pinettes and H. T. Diep 
Laboratoire de Physique Theorique et Modelisation, Universite de Cergy-Pontoise 2, Avenue Adolphe Chauvin, 
95302 Cergy-Pontoise Cedex, France 

By extensive standard and histogram Monte Carlo simulations, we show that the magnetic phase 
transition is of first order in the frustrated J\—J2 Heisenberg model on a simple-cubic lattice. 
Despite the infinite ground-state degeneracy, the system is shown to retain only the collinear spin 
configurations at low temperatures.   © 1998 American Institute of Physics. 
[S0021-8979(98)38211-0] 

I. INTRODUCTION 

Various properties of frustrated spin systems have been 
extensively investigated during the last 15 years.1 Neverthe- 
less, several questions remain controversial. In particular, the 
nature of the phase transition from a noncollinear ground 
state (GS) to the paramagnetic state is not yet understood at 
present. 

In a frustrated system with vector spins (XY or Heisen- 
berg), the frustration is uniformly distributed on all spins, 
generally causing a noncollinear GS with very high or infi- 
nite degeneracy. Some well-known examples are the antifer- 
romagnetic face-centered cubic (fee) lattice,2'3 the so-called 
fully frustrated simple-cubic (SC) lattice,4 the antiferromag- 
netic hexagonal-close-packed (hep) lattice,5 the stacked tri- 
angular antiferromagnets,6 the two-dimensional Villain XY 
model,7 and the XY model on the check-board lattices.8 This 
great degeneracy with a noncollinear ground state gives rise 
to both a rich behavior on the finite temperature properties 
such as the nature of ordering and on the phase transition. 

The purpose of this work is to study the frustrated SC 
lattice with antiferromagnetic nearest neighbors (NN) and 
next-nearest-neighbor (NNN) interactions, 7j and J2, re- 
spectively. We are particularly interested in the frustrated 
region of the phase diagram, when J2 is strong. Extensive 
Monte Carlo (MC) simulations, including histogram calcula- 
tions, have been performed to clarify the nature of the order- 
ing and of the phase transition. 

II. MODEL 

For this purpose, we consider a classical Heisenberg 
model with the Hamiltonian 

H~2J /IS,-S.+ 2J J2SI-SJ, 
<y> «y» 

(1) 

where S,- is a vector spin of unit length occupying the ith 
lattice site and the sums () and (()) run over NN and NNN 
pairs, respectively. All interactions are antiferromagnetic 
(>0). Hereafter, the energy and temperature will be mea- 
sured in units of J\. 

For Heisenberg spins, the classical ground state can be 
determined numerically by an iterative procedure minimiz- 
ing the local energies until the internal energy is stabilized.4 

It is given as follows: for 0<72<0.25 Jx, the classical GS is 
the antiferromagnetic structure. For 0.25 J\<J2 the classical 
GS has an infinite degeneracy, apart from the global rotation. 
It is divided into eight sublattices, the elementary cubes con- 
taining two tetrahedra formed by the NNN sites and stacked 
as in Fig. 1(a). The spin configurations a, b, c, and d of the 
NNN tetrahedra are those of the elementary tetrahedra in the 
GS of the fee antiferromagnets:2 each NNN tetrahedron is 
characterized by two angles, 6, formed by two up spins (or 
two down spins) and 4>, formed by the plane containing the 
two up spins and the plane containing the two down spins 
(see Ref. 2). The three collinear configurations (one line up, 
one line down) are particular GS configurations in this range 
of parameters [see Fig. 1(b)]. 

We have performed standard MC simulations using the 
sample sizes of Af=123-183 spins with periodic boundary 
conditions. Starting from a random spin configuration as the 
initial condition for the MC simulations, we have calculated: 
the internal energy per spin U, the specific heat per spin Cv, 
the magnetic susceptibility per spin (x), and the average sub- 
lattice magnetization ms, as functions of temperature T. At a 
given T, 10 000 MC steps per spin have been discarded for 
equilibrating and 10 000 MC steps per spins have been used 
for averaging. Random initial conditions and such long runs 
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FIG. 1. (a) The general GS spin configurations for 0.25 Jt<J2. It is de- 
composed into two NNN tetrahedra, defined by the void and solid circles. 
The spin orientations of the four sublattices a, b, c, and d are the same as in 
the antiferromagnetic face-centered cubic lattice: it is given by two angles d 
and <j> (see Ref. 2). (b) The collinear configurations (one line up, one line 
down) are particular GS configurations for 0.25 7, <J2. There are two other 
equivalent configurations with lines along the two other directions of the 
cubic lattice. 
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FIG. 2. Phase diagram of theSC/,-/2 lattice in the space (T,J2IJ{). I, II, 
and III design antiferromagnetic, collinear [see Fig. 1(a)], and paramagnetic 
phases, respectively. First-order transitions are shown by black circles for 

= 0.25. 

were used in order to detect the nature of ordering at finite T 
as seen below. 

III. RESULTS 

Figure 2 displays the phase diagram in the phase space 
(T,J2 M\)- For 0<72

<0.25 Jx, there is a second-order tran- 
sition from the antiferromagnetic structure to the paramag- 
netic state at finite temperature. When 0.25 J\<J2, there is a 
first-order like transition between the infinitely degenerated 
GS and the paramagnetic state. At the limit Jl = 0 or J{ 

= oo, the SC lattice is decoupled into two independent fee 
sublattices. The different physical quantities are shown in 
Fig. 3 in this range of parameters. They all show a disconti- 
nuity at rc = 0.33 for J2/J1 = 0.26. In order to confirm the 
nature of the phase transition, we have used the histogram 
MC simulations.9 We discarded 500 000 MC steps per spin 
for equilibrating and calculated the energy histogram P(E) 
at the transition temperature over the next one million MC 
steps. P(E) is shown in Fig. 4 where two peaks are observed 
at T0 = 0.330 for J2UX = 0.26. This bimodal distribution is a 
clear evidence of the first-order character of the transition 
suggested above. Note that long run is necessary to observe 
the two-peak structure. Less than one million MC steps per 
spin, the two peaks are not equally developed. 

Another interesting point in Fig. 2 is the nature of order- 
ing at low temperature in the frustrated range 0.25 J\<J2. A 
natural way to find the nature of ordering at finite tempera- 
ture is to use the heating procedure from a disordered state 
and to analyze the spin structure. We used in our runs as 
order parameters the three staggered magnetizations defined 
for the collinear configuration shown in Fig. 1(a) and the two 
other equivalent configurations with lines along the two 
other directions of the cubic lattice. The results show (see 
Fig. 5) that just below Tc the system is ordered in one of 
these three collinear configurations. Thermal (or quantum) 
fluctuations lift the degeneracy and select collinear configu- 
rations. This verifies the conjecture by Henley,10 in analogy 
with what was called "order by disorder" in the Ising case,11 

as the Heisenberg fee antiferromagnets,2'3 the hep anti- 
ferromagnets,5 and the stacked triangular antiferromagnets.6 

-u 
1.475 

1.25 

1.025 

C. Pinettes and H. T. Diep 
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0.8 
0 0.1 0.2 0.3 0.4 0.5 

< x> 

FIG. 3. Thermodynamical quantities as functions of temperature T for 
J2IJ\ = 0.26. (a) On the left-hand scale, the internal energy per spin U (void 
circles) and on the right-hand scale, the specific heat per spin C„ (black 
circles); (b) on the left-hand scale, the average sublattice magnetization m, 
(void circles) and on the right-hand scale, the magnetic susceptibility per 
spin (x) (black circles). The full curves are a fit to the MC data. The vertical 
arrows indicate Tc = 0.33. 

Finally, let us notice that the first-order transition be- 
tween the collinear phase and the paramagnetic phase can be 
explained as follows: in the collinear configuration, the infi- 
nite degeneracy is reduced to three (apart from the global 

P(E) 

0.0016 

0.0012 

0.0008 

0.0004 

-7200 -6800 -6400 

FIG. 4. The energy histogram P(E), E being the total energy, for J2IJ\ 
= 0.26 at a temperature very close to the transition temperature, T0 

= 0.330. The energy E is given for the total number of spins N= 183. The 
bimodal distribution is a signature of a first-order transition. 
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m 

FIG. 5. The three staggered magnetizations defined for the collinear con- 
figuration shown in Fig. 1(a) are reported as functions of temperature T for 
J2/J,= 0.4. The full curve is a fit to the MC data. 

rotation) since there are three ways to choose the antiparallel 
spin pairs in a tetrahedron. This threefold degeneracy is 
reminiscent of the three-state Potts model in three dimen- 
sions which is known to undergo a first-order transition. This 
may be the origin of the first-order line observed here, as in 
the Heisenberg fee antiferromagnets2'3 and the hep 
antiferromagnets.5 

Nevertheless, the nature of the phase transition in non- 
collinear spin systems (including helimagnets) is not yet 
clear since some of them exhibit first-order2'3'5'8 character 
and others show a second-order transition unknown univer- 
sality class.6 

IV. CONCLUSION 

In conclusion, we note that the different thermodynami- 
cal quantities determined as functions of temperature suggest 

C. Pinettes and H. T. Diep        6319 

a first-order character of the phase transition in the frustrated 
J\ — J2 simple-cubic lattice with vector spins. This first-order 
character is confirmed by histogram MC simulations. Fi- 
nally, we have shown that there is an order by disorder effect 
in these systems: the thermal fluctuations lift the infinite de- 
generacy and select collinear configurations. 
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Spin fluctuations and thermal expansion of La(H\xA\^.x)^ 
amorphous alloys 

A. Fujitaa) and K. Fukamichi 
Department of Materials Science, Graduate School of Engineering, Tohoku University, 
Sendai 980-77, Japan 

The influences of spin fluctuations on the magnetization M and thermal expansion for 
La(Ni^.Al1_;c)13 amorphous alloys have been investigated. The spontaneous magnetization obeys a 
M2-£T4/3 relation and the coefficient £is concerned with the dynamical spin fluctuation spectrum. 
The spontaneous volume magnetostriction in the ferromagnetic state appears due to the thermal 
variation of the local spin amplitude. The change in the linear thermal expansion coefficient in 
paramagnetic temperature regions is caused by the saturation of amplitude of the spin fluctuations. 
© 1998 American Institute of Physics. [S0021-8979(98)23311-l] 

Recently, influences of spin fluctuations on magnetic 
properties in amorphous weakly itinerant ferromagnetic al- 
loys have been extensively studied.1-6 In amorphous alloys, 
the magnetic properties are changed by the concentration 
without the limitation of stoichiometry in contrast with that 
in crystalline compounds.5 Therefore, the characteristics of 
spin fluctuations can be studied more closely in connection 
with the stability of the ferromagnetic state. Strictly speak- 
ing, however, it should be noted that the atomic short-range 
order varies with the concentration in amorphous alloys7 and 
the recent theoretical studies point out that the stability of 
ferromagnetism is drastically influenced by the change of the 
atomic short-range order.8'9 The structure of LaCNi^Al^J^ 
amorphous alloys can remove the problem mentioned above, 
namely, the local structure in the present amorphous alloys is 
well defined by the icosahedral clusters consisting of Ni and 
Al atoms as observed in NaZn13-type crystalline compounds 
in a wide concentration range.10 The present amorphous al- 
loys are useful, therefore, to investigate explicitly spin fluc- 
tuation characteristics. 

La(NiA.Al1_A.)13 (0.90=£x=£0.95) amorphous alloys were 
prepared by high-rate dc sputtering on a water-cooled Cu 
substrate. The substrate was mechanically removed before 
the magnetization measurement. The temperature and mag- 
netic field dependences of the magnetization were measured 
with a SQUID magnetometer. 

Temperature dependence of the spontaneous magnetiza- 
tion M(0,T) for x = 0.925 and 0.95 is plotted in the form of 
M(0,T)2-T4B in Fig. 1. The value of M(0,7") is deduced 
from the isothermal magnetization M{H,T) curves. The lin- 
ear relation is observed in the temperature range above about 
Tc/2 for x = 0.95 and 0.3 Tc for x = 0.925. According to the 
theory on exchange enhanced spin fluctuations with mode- 
mode coupling, the M2-Tm relation is explained as a result 
of a strong renormalization effect of paramagnon-like modes 
of spin fluctuations to the magnetic free energy.11-13 The 
coefficient £ in the M2-t;Tm relation is associated with the 
dynamical properties of spin fluctuations and expressed by 
the following expression14'15: 

t=K rp      -Ttl/3  ' 
1A10 

(1) 

where K is the constant and the parameters TA and T0 char- 
acterize the dispersion of the static ^-dependent susceptibil- 
ity and the dynamical spin fluctuation spectrum. The follow- 
ing relation between these parameters and magnetization 
curve is derived by assuming that the sum of amplitudes of 
thermal and zero-point spin fluctuations is conserved at finite 
temperatures.16 

T 

~2ck 
4/3 

kBTAPs+ 
UBT2

A P] 

l5Tn   8 
= 2nBH, (2) 

where kB and /JLB are the Boltzmann constant and the Bohr 
magneton, respectively, ps equals 2 M(0,0), and c is 0.335. 
The parameters TA and T0 for the present amorphous alloys 
have been evaluated from the Arrott plots in our previous 
paper2 by using Eq. (2). In Fig. 2, the coefficients £ for x 
=0.90, 0.925, and 0.95 are plotted against l/(TAT

]
0
ß), and 

the proportional relation is confirmed. Therefore, the relation 
(1) is well established in the present amorphous alloys. It 
should be emphasized that the relations (1) and (2) are valid 
even in amorphous alloys, although these were originally 
applied to crystalline systems.13 
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FIG. 1. Temperature dependence of the spontaneous magnetization plotted 
in the form of M(0,T)2-Tm for La(Ni,Al, _,) ,3 (x = 0.95 and 0.925) amor- 
phous alloys. 
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FIG. 2. The coefficient f plotted against U(TAT
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amorphous alloys. The parameters f, TA , and T0 are explained in the text. 

Thermal variation of the amplitude of spin fluctuations is 
reflected on the thermal expansion.17 Figure 3 shows the 
temperature dependence of the spontaneous volume magne- 
tostriction wm(T) for x-0.925 and 0.95. The value of 
(om(T) is obtained from the comparison between the ob- 
served and hypothetical nonmagnetic thermal expansion 
curves, as shown in the inset in Fig. 3. The hypothetical 
nonmagnetic thermal expansion curve, represented by a 
dashed line, is obtained from the Grüneisen relation with 
referring the Debye model and the free-electron model for 
phonon and electron contribution, respectively. The Debye 
temperature 6D is assumed to be the same value of BD 

= 280 K for LaCFe^Alj _x) 13 amorphous alloys obtained from 
the Brillouin scattering.18 The magnitude of com(T) continu- 
ously decreases with increasing temperature and smears 
around the Curie temperature. Such behavior is an indication 
that the amplitude of local spin density varies with tempera- 
ture and continuously decreases up to the Curie 
temperature.13'17 Detailed influence of spin fluctuations on 
<om(T) will be discussed elsewhere.10 

Theories on spin fluctuations in itinerant ferromagnets 
predict that the amplitude of spin fluctuations increases with 
the temperature and the thermal variation of spin fluctuations 
gives a positive contribution to the thermal expansion coef- 
ficient in paramagnetic temperature ranges.13'17 Figure 4 
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FIG. 3. Temperature dependence of the spontaneous volume magnetostric- 
tion iom(T) for LaCNijAl,-,^ (x = 0.95 and 0.925) amorphous alloys. The 
inset shows the thermal expansion curve of x = 0.95, together with a hypo- 
thetical dashed curve in a nonmagnetic state. The Curie temperature is in- 
dicated by the arrows. 
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FIG. 4. Temperature dependence of the linear thermal expansion coefficient 
for La(NiJ.Al1_i)13 amorphous alloys in the paramagnetic temperature re- 
gion. The inset shows the temperature dependence of the inverse magnetic1 

susceptibility for x = 0.90 and 0.925. The characteristic temperature T* is 
given by the arrows. 

shows the linear thermal expansion coefficient (TEC) in 
paramagnetic temperatures for x = 0.95, 0.925, and 0.90. For 
itinerant weakly ferromagnets, the contribution of spin fluc- 
tuations to TEC, am, is represented as 

KC„ 
dS\[T) 

dT    ' (3) 

where SL(T) is the mean square of the amplitude of local 
spin fluctuations, Cm and K are the magnetovolume coupling 
coefficient and the compressibility, respectively.17 Generally 
speaking, S2

L increases linearly and hence am is almost con- 
stant in weakly itinerant ferromagnets.11'13'19 The electron 
contribution is proportional to the temperature.19 In the tem- 
perature region higher than the Debye temperature, the pho- 
non contribution to TEC behaves as the Dulong-Petit law. 
As mentioned in the preceding section, the Debye tempera- 
ture of the present amorphous alloys is assumed to be 280 
K.18 Therefore, TEC around room temperature should in- 
crease monotonically with the temperature. However, as seen 
in Fig. 4, a change in the increase occurs in all the curves, 
shifted to lower temperatures with decreasing x. Because of 
an apparent concentration dependence, the origin of this 
anomaly neither is phonons nor electrons but spin fluctua- 
tions. Thus, the anomalous temperature dependence of SL 

occurs in paramagnetic temperature ranges. 
The information on the paramagnetic spin fluctuations in 

itinerant weakly ferromagnets can be obtained from tempera- 
ture dependence of paramagnetic susceptibility.11 The in- 
verse magnetic susceptibility l/\ is proportional to S2

L, and a 
linear thermal variation of S2

L gives a Curie-WeissTiike be- 
havior even in itinerant ferromagnets.11'13 The inset in Fig. 4 
shows the temperature dependence of the inverse magnetic 
susceptibility for x = 0.90 and 0.925. For the present amor- 
phous alloys, l/\ becomes convex upwards just above Tc 

and subsequently shows an upturn.2 The curving of 1/x con- 
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vex upwards is interpreted as a significant increase of S2
L.
13'20 

A sudden increase in the slope of l/\ suggests that the mag- 
nitude of S2

L arrives at its upper limit because of charge 
neutrality.20'21 After the amplitude of spin fluctuations is 
saturated at the upper limit value, the spin fluctuations give 
no contribution to ll\, resulting in a large slope of l/x due to 
the directional fluctuations of magnetic moments. The start- 
ing temperature of the saturation phenomenon, T*, is ob- 
tained from the intersection of the straight lines before and 
after the change in the slope as indicated by the arrows in 
Fig. 4. Apparently, TEC changes its magnitude at around 
T*, revealing that the saturation of the amplitude of spin 
fluctuations is its origin. 

In summary, the influences of spin fluctuations on the 
magnetization and thermal expansion are observed in 
La(NixAl1_x)13 amorphous alloys. In the ferromagnetic 
state, the M2-i;T4n relation appears and the coefficient £ is 
closely correlated with the spin fluctuation spectrum. The 
spontaneous volume magnetostriction is caused by the ther- 
mal variation of the local spin amplitude. The linear thermal 
expansion coefficient in paramagnetic temperature regions 
changes its magnitude due to the saturation of the amplitude 
of spin fluctuations. 
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Magnetic relaxation in Gao.6Mo2S4 spinel 
T. Taniyamaa) and I. Nakatani 
National Research Institute for Metals, Tsukuba 305-0047, Japan 

Magnetization measurements on Ga0 6Mo2S4 cluster compound of modified spinel were performed 
at temperatures from 2 to 30 K. Temperature irreversibility of the magnetization develops just below 
the ferromagnetic transition temperature. Relaxation isotherms of the thermoremanent 
magnetizations can be described by a superposition of a stretched exponential and a constant term, 
and shows distinctive aging effects. This implies the presence of the orientational spin freezing in 
the ferromagnetic regime of the Ga06Mo2S4. © 1998 American Institute of Physics. 
[S0021-8979(98)50611-l] 

The molybdenum cluster compound GaxMo2S4 (x 
=0.5-0.67) demonstrates fruitful magnetic properties owing 
to the tetrahedral molybdenum clustering induced by the or- 
der of Ga atoms and vacancies on the tetrahedral sites in 
spinel structure.1"3 In this kind of compound, imperfections 
of the Ga-vacancy ordering yields significant modification of 
electronic properties. Recently, Sahoo et al. reported the sig- 
nature of variable-range hopping between the localized states 
of clusters induced by such imperfections.4'5 However, com- 
paratively little attention has been paid to the magnetic prop- 
erties intrinsically affected by the random atomic arrange- 
ment. 

The intrigue magnetic properties due to such random 
effects can be sensitively probed by the thermoremanent 
magnetization (TRM). In particular, time evolution of the 
TRM gives distinguishable dynamic response caused by the 
different physical mechanism. Thus, we employ the time de- 
pendent TRM measurements on the Gao 6Mo2S4 to elucidate 
the magnetic nature in the view of the randomness. In this 
article, we present temperature irreversibility of the magne- 
tization and waiting time dependence of the magnetic relax- 
ation in the ferromagnetic regime. 

The method of sample preparation has been described in 
our previous article.6 The x-ray diffraction pattern was in- 
dexed on the basis of the lower symmetric spinel structure 
(space group F43m) having a = 9.737 Ä and revealed a ho- 
mogeneity of the prepared sample. With decreasing tempera- 
ture, splitting of the hOO diffraction peaks was observed be- 
low the temperature of 43 K, reflecting the structural 
transition from a space group FA3m to R3m. The is consis- 
tent with the results previously reported by Shamrai et al.2'3 

The pellet used for the x-ray diffraction measurement was 
cut into a size of 1 mmX 1 mmX5 mm for the magnetic mea- 
surements. Magnetic data were collected using a magneto- 
meter (PPMS, Quantum Design) at temperatures from 2 to 
30 K. Temperature dependent magnetizations were measured 
with increasing temperature under both zero field cooled 
(ZFC) and field cooled conditions. The time dependent TRM 
was recorded over four decades of observation time after 
switching off the cooling magnetic field. 

Figure 1 shows the temperature dependent magnetization 

and the ac susceptibility at temperatures from 2 to 30 K. The 
ZFC magnetization exhibits a shallow maximum structure 
and the maximum temperature shifts towards lower tempera- 
tures as the magnetic field increases. The temperature irre- 
versibility of the magnetization also develops just below the 
ferromagnetic transition temperature Tc, which has been de- 
fined to be 17.4 K by the previous nonlinear susceptibility 
measurements.6 The significant irreversibility and the peak 
structure of the temperature dependent magnetization are 
typical of the disordered materials, e.g., spin glasses and ran- 
dom ferromagnets. We note that the magnetic feature of the 
Gag 6Mo2S4 is quite similar to that of the reentrant ferromag- 
netic semiconductor of the indium-doped chalcogenide spi- 
nel CdCr2Se4:In.7 

Relaxation isotherms were collected after a sequence of 
waiting for a time of %=60 s at the measurement tempera- 
ture and switching off the cooling fields of 50 Oe and 1 kOe, 
from which the temperature dependent relaxation rates (Fig. 
2) are extracted simply using the logarithmic relaxation de- 
cay form: 

M = M0-S logt, (1) 
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FIG. 1. Temperature dependent zero field cooled and field cooled magneti- 
zation in a field of 50 Oe. Temperature dependent ac susceptibility in a 
modulation field of 2 Oe is also depicted. 
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FIG. 2. Temperature dependent relaxation rate S and initial magnetization 
M0 in a cooling field of (a) 50 Oe and (b) 1 kOe. 

where the S is the relaxation rate and M0 is the initial mag- 
netization. Although the maximum in the temperature depen- 
dent relaxation rate shifts towards lower temperatures with 
increasing magnetic fields, the normalized relaxation rate 
SIMQ hardly shows the field dependence. 

Figure 3 illustrates the relaxation dynamics for two ex- 
treme waiting times ^^=60 s and tw= 10 800 s, at 15 K on a 
logarithmic time scale. In contrast to the concave up profile 
for %=60s, the relaxation isotherm concaves down after 
waiting for tw= 10 800 s in a magnetic field. Such behavior 
has been frequently observed in the reentrant ferromagnet 
and the relaxation isotherms can be represented by a super- 
position of a stretched exponential and a constant term:8'9 

M = M0 + M, exp[-(f/T)1-"]. (2) 

The additional constant term has been interpreted on the ba- 
sis of the reliable picture introduced by Gabay and 
Thoulouse,10 in which the longitudinal spontaneous magne- 
tization coexists with the freezed transverse spin component. 
Within this framework, we fit the experimental data using 
Eq. (2) over the entire observation time scale (Fig. 3). The 
best fit parameters are listed in Table I. The values of the 
fitted parameters T and n closely correspond to those of 
FeNiMn reentrant ferromagnet.11 
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FIG. 3. Time dependent thermoremanent magnetization recorded at 15 K 
after a sequence of waiting for a time tw and switching off the cooling 
magnetic field of 50 Oe. The solid lines are fitted curves in terms of a 
superposition of a stretched exponential and a constant term. 

Mitchler et al. carefully investigated the analytical func- 
tional forms of the relaxation isotherm in the random ferro- 
magnet PdFe and the reentrant ferromagnet CrFe, and found 
that the relaxation responses are divided into two groups: a 
power law and a stretched exponential decay. The former 
functional form accurately represents the relaxation of the 
random ferromagnets such as PdFe, while the latter case 
characterizes the orientational collapse into random spin con- 
figurations in the reentrant ferromagnet. Further, the reen- 
trant phase exhibits the system age dependent relaxation al- 
though the random ferromagnet shows no measurable aging 
effects on the relaxation dynamics reflecting the equilibrium 
aging limit. In the present case, the relaxation isotherms are 
represented by a stretched exponential superposed on a con- 
stant term and show the discernible aging effects. This per- 
suasively indicates that the glassy freezing occurs in the fer- 
romagnetic phase of the Gao 6Mo2S4, although the presence 
of the aging effects on the relaxation isotherms does not offer 
a definitive criterion for distinguishing the microscopic spin 
configurations in the disordered materials. 

It is not clear whether or not the orientational collapse 
simultaneously evolves as the ferromagnetic ordering is es- 
tablished. In our previous article, the ferromagnetic transition 
temperature was determined to be 17.4 K based on the non- 
linear susceptibility measurements.6 The obtained transition 
temperature exactly coincides with the temperature below 
which the dc susceptibility MIH exhibits the field depen- 
dence as shown in Fig. 1. On the contrary, the irreversibility 
in a field of 50 Oe develops below a slightly lower tempera- 

TABLE I. Best-fit parameters to a stretched exponential in Eq. (2). 

%(s) M0 (emu/cm3) Mi (emu/cm3)            T (S) n 

60 
10 800 

0.99 
0.91 

0.12                       135 
0.22                  39 000 

0.76 
0.87 
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ture of 16.5 K. If we assign the glassy freezing with the onset 
of the irreversibility, the freezing process may sequentially 
occur after the ferromagnetic transition. Although one may 
suspect that the irreversibility temperature possibly ap- 
proaches the Tc with reducing the applied field, we empha- 
size the coincidence between the irreversibility temperature 
and the peak temperature of the ac susceptibility in zero bias 
field. Thus, our picture of the sequential collapse into the 
randomly orientational spin configurations is plausible. 

Finally, we make a brief comments on the origin of the 
spin-glass-like dynamics. As we have stated before, the mag- 
netic disorder would be mainly driven by the random molyb- 
denum clustering due to the imperfection of the Ga-vacancy 
ordering. However, we have to claim the instability of the 
cubic lattice structure at 43 K. Shamrai et al. proposed the 
displacement of the molybdenum atoms to form a Mo3 com- 
plex with a shorter distance in the low-temperature R3m 
phase and suggested the resultant mixed type of interactions, 
i.e., indirect exchange interaction and superexchange interac- 
tion between molybdenum ions. Thus, the distortion of the 
crystal lattice should be partly responsible for the frustrating 
interactions which promote the glassy behaviors in the 
Gao.6Mo2S4. 

We summarize the magnetic feature of the Gao 6Mo2S4 

deduced from the magnetic measurements. The random ori- 
entational freezing is inferred from the temperature irrevers- 
ibility and the relaxation dynamics described by a superpo- 
sition of a stretched exponential and a constant term, which 
is further reinforced by the specific aging effects in the fer- 
romagnetic regime. In order to get the convincing evidence 
for the spin configurations, further microscopic measure- 
ments such as neutron scattering or nuclear magnetic reso- 
nance measurements are required. 

1 A. K. Rastogi, A. Berton, J. Chaussy, R. Tournier, M. Potel, R. Chevrel, 
and M. Sergent, J. Low Temp. Phys. 52, 539 (1983). 

2V. Shamrai, H. Madge, T. Mydlarz, and G. Leitus, J. Low Temp. Phys. 
49, 123 (1982). 

3V. F. Shamrai and G. M. Leitus, Sov. Phys. Solid State 29, 1312 (1987). 
4Y. Sahoo and A. K. Rastogi, J. Phys.: Condens. Matter 5, 5953 (1993). 
5S. Lamba, A. K. Rastogi, and D. Kumar, Phys. Rev. B 56, 3251 (1997). 
6T. Taniyama and I. Nakatani, J. Magn. Magn. Mater. 177-181, 263 

(1998). 
7M. Lubecka, L. J. Maksymowicz, R. Szymczak, and W. Powroznik, Phys. 
Rev. B 55, 6460 (1997). 

8 P. D. Mitchler, R. M. Roshko, and W. Ruan, Philos. Mag. B 68, 539 
(1993). 

9G. Sinha, R. Chatterjee, M. Uehara, and A. K. Majumdar, J. Magn. Magn. 
Mater. 164, 345 (1996). 

10M. Gabay and G. Thoulouse, Phys. Rev. Lett. 47, 201 (1981). 
11D. Li, R. M. Roshko, and G. Yang, Phys. Rev. B 49, 9601 (1994). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Nanocrystalline and 
Amorphous Soft Materials 

Gordon E. Fish, 
Chairman 

New bulk amorphous Fe-(Co,Ni)-M-B (M=Zr,Hf,Nb,TaJMo,W) alloys with 
good soft magnetic properties 

Akihisa Inoue, Tao Zhang, and Hisato Koshiba 
Institute for Materials Research, Tohoku University, Katahira 2-1-1, Aoba-ku, Sendai 980-77, Japan 
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We have found that an amorphous phase with a wide supercooled liquid region reaching 85 K 
before crystallization is formed in Fe-(Co, Ni)-(Zr, Nb, Ta)-B, Fe-Co-(Zr, Nb)-(Mo, W)-B and 
Co-Fe-Zr-B systems. The high stability of the supercooled liquid enabled the production of bulk 
amorphous alloys with diameters up to 5 mm by copper mold casting. These amorphous Fe-(Co, 
Ni)-M-B alloys exhibit good soft magnetic properties, i.e., saturation magnetization of 0.95 to 1.1 
T, low coercivity of 1 to 8 A/m, Curie temperature of 560 to 590 K and low magnetostriction of 
8-14 X 10" 6. The effective permeability of the Co-based alloys exceeds 25 000 at 1 kHz and keeps 
high values above 5000 at the high frequency of 1 MHz. The permeability at 1 MHz is much higher 
than those for any kinds of soft magnetic materials. The frequency at which the imaginary part of 
permeability shows a maximum is also about 1 MHz. The success of synthesis of new Fe- and 
Co-based amorphous alloys with good soft magnetic properties and high glass-forming ability is 
promising for future development of a new type of soft magnetic material. © 7995 American 
Institute of Physics. [S0021 -8979(98)47111-1] 

It is well known that Fe- and Co-based amorphous alloys 
exhibit good soft magnetic properties. The soft magnetic 
properties have been characterized as the achievement of 
high saturation magnetization for Fe-based alloys and high 
permeability {ße) and zero magnetostriction for Co-based 
alloys.1 However, these soft magnetic amorphous alloys have 
usually been prepared in a thin sheet from with a thickness 
below 50 fim and in a wire form with a diameter below 120 
fim.2 The small maximum thickness resulting from the low 
glass-forming ability has prevented the further extension of 
application fields as magnetic materials. Consequently, great 
effort has been devoted to search new ferromagnetic amor- 
phous alloys with higher glass-forming ability for the last 
two decades. Recently, Inoue et al. have succeeded in find- 
ing a number of amorphous alloys with high glass-forming 
ability in Ln-Al-TM,3 Mg-Ln-TM,4 Zr-Al-TM5 and 
Pd-Cu-Ni-P6 (Ln=lanthanide metal, TM=transition metal) 
systems and in preparing bulk amorphous alloys with maxi- 
mum diameters up to about 72 mm by copper mold casting.6 

Although these bulk amorphous alloys have been limited to 
the nonferrous alloys without ferromagnetism, the findings 
of the above-described bulk amorphous alloys have enabled 
the derivation of the three empirical rules for achievement of 
large glass-forming ability.7-10 That is, (1) multicomponent 
alloys systems consisting of more than three elements, (2) 
significant difference in atomic size ratios above 12% among 
the main constituent elements, and (3) negative heats of mix- 
ing among their elements. Based on the three empirical rules, 
we have subsequently searched ferromagnetic Fe- and Co- 
based amorphous alloys with large glass-forming ability 

leading to the production of bulk amorphous alloys. As a 
result, we have found that multicomponent Fe-(Co, Ni)-(Zr, 
Nb, Ta)-B, Fe-Co-(Zr, Nb)-(Mo, W)-B and Co-Fe-(Zr, 
Nb)-B amorphous alloys exhibit a wide supercooled liquid 
region reaching 80 K before crystallization""13 and can be 
produced in a cylindrical form with diameters up to about 5 
mm by copper mold casting.14 This is believed to be the first 
evidence on the preparation of ferromagnetic Fe- and Co- 
based bulk amorphous alloys. This paper aims to present the 
composition range in which amorphous alloys in Fe-(Co, 
Ni)-M-B (M=Zr, Hf, Nb, Mo, W) systems, are formed 
either by copper mold casting or by melt spinning and to 
examine the compositional dependence of the thermal stabil- 
ity and magnetic properties of the Fe- and Co-based amor- 
phous alloys. 

Multicomponent alloys with composition 
Fe56Co7Ni7Zri0B20, Fe56Co7Ni7Zr8Nb2B20, 
Fe60Co8Zr10Mo5W2Bi5, and Co%Fe16Zr8B20 were prepared 
by arc melting a mixture of pure metals and pure B crystal in 
an argon atmosphere. These compositions were chosen be- 
cause of the appearance of a supercooled liquid region of 35 
to 85 K. From these prealloyed ingots, cylindrical samples 
with a constant length of about 50 mm and different diam- 
eters in the range of 0.5 to 6 mm were prepared by injection 
casting of the molten alloy into copper molds with cylindri- 
cal cavities. For comparison, amorphous ribbons with a cross 
section of 1 X 0.02 mm2 were produced by melt spinning. 
The amorphicity was examined by x-ray diffractometry and 
optical microscopy (OM). The OM sample was etched for 10 
s at 293 K in a solution of 0.5% hydrofluoric acid and 99.5% 
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FIG.     1.     Outer    morphology    and    surface    appearance    of    cast 

Fe60Co8Zr|0Mo5W2B15 alloy cylinders with diameters 3 and 5 mm. 

TABLE I. Maximum sample thickness (tmmi) and thermal stability (Tg, 

AT,,   and   T./TJ   of   the   Fe56Co7Ni7Zr10B20,   Fe56Co7Ni7Zr8Nb2B20, 
Fe60Co8Zrl0Mo5W2B15, and Co56Fe16Zr8B20 amorphous alloys. 

Maximum 

sample thickness 

fmax(mm) 

Thermal stability 

Alloy TS(K) AT.CK) T IT 

Fe56Co7Ni7Zr10B20 2 814 73 0.60 

Fe56Co7Ni7Zr8Nb2B20 2 828 85 - 
Fe56Co7Zr10Mo5W2B15                6 898 64 0.63 

Co56Fe16Zr8B20 - 839 39 - 

distilled water. The specific heat associated with glass tran- 
sition, supercooled liquid region and crystallization was 
measured at a heating rate of 0.67 K/s with a differential 
scanning calorimeter (DSC). Saturation magnetization (Is) 
and coercivity (Hc) under a field of 800 kA/m were mea- 
sured at room temperature with a vibrating sample magneto- 
meter (VSM). Hysteresis B-H loop under a magnetic field of 
1.6 kA/m was also measured for the melt-spun ribbons with 
a B-H loop tracer. Permeability (/j,e) was evaluated in a 
frequency range of 1 to 104 kHz with an impedance ana- 
lyzer. Saturated magnetostriction (\s) was measured under a 
field of 240 kA/m by a three-terminal capacitance method. 
Curie temperature (Tc) was determined by extrapolating the 
I-T curve in the constant coupling approximation manner. 
Electrical resistivity measurement was made by the four- 
probe method at room temperature. 
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Figure 1 shows the outer morphology of the bulk 
Fe60Co8Zr10Mo5W2B15 cylinders with diameters of 3 and 5 
mm. These samples have smooth surface and metallic luster. 
No contrast of a crystalline phase is seen over the outer sur- 
face. The x-ray diffraction patterns showed a main halo peak 
with a wave vector Kp( = 4ir sin 8/X) around 29.6 nm"1 and 
no crystalline peak is observed even for the 5 mm</> sample. 
The optical micrographs of the cross section of the two 
samples also revealed a featureless contrast in an etched state 
using a hydrogen fluoride acid. These results indicate that the 
bulk cylinders are composed of an amorphous phase in the 
diameter range up to 5 mm. It is to be noticed that the maxi- 
mum thickness (?max) is about 3 times larger than the largest 
value (2 mm for Fe72Al5Ga2PioC6B4Si1,) for Fe-based amor- 
phous alloys reported up to date. Figure 2 shows the DSC 
curves of the bulk amorphous Fe56Co7Ni7Zr8Nb2B20 and 
Fe60Co8Zr10Mo5W2B15 cylinders of 1 to 3 mm in diameter 
and Co56Fe16Zr8B2o of 1 mm in width. These amorphous 
alloys exhibit the sequential transition of glass transition, su- 
percooled liquid and crystallization. The supercooled liquid 
region, A Tx, defined by the difference between the glass 
transition temperature (Tg) and the onset temperature of 
crystallization (Tx) is as large as 39 to 85 K and the crystal- 
lization from the supercooled liquid occurs through a distinct 
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FIG.   2.   DSC   curves   of  the   cast   amorphous   Fe56Co7Ni7Zr8Nb2B20, 

Fe60Co8Zr10Mo5W2B15, and Co56Fe)6Zr8B2o alloys. 

FIG. 3. Frequency dependence of real (/x') and imaginary (/x") parts of 

permeability for amorphous Co56Fe16Zr8B2o alloys of 1 mm in width sub- 
jected to annealing for 600 s at 750 and 800 K. 
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TABLE II. Magnetic properties (/s, Hc, pe at 1 kHz and \s) of Fe56Co7Ni7Zr|0B20, Fe56Co7Ni7Zr8Nb2B2o, and 
Co56Fe16Zr8B20 amorphous alloys. 

Soft magnetic properties 

Alloy /S(T) Hc(A/m) /^(lkHz) pe (1 MHz) Xs(10~6) rc(K) 

Fe56Co7Ni7Zr10B20 

Fe56Co7Ni7Zr8Nb2B20 

Co56Fe16Zr8B20 

0.96 
0.75 
0.77 

2.0 
1.1 
8.3 

19 100 
25 000 
17 100 5500 

10 
13 
14 

594 
531 

exothermic reaction. The crystallites were identified to con- 
sist of a-Fe, Fe2Zr, Fe8B, MoB, and W2B phases for the 
Fe60Co8Zr10Mo5W2B15 sample heated to the temperature just 
above the exothermic peak. Thus, the crystallization is due to 
the simultaneous precipitation of the five crystalline phases. 
This crystallization mode is in agreement with that8 for other 
bulk amorphous alloys. The largest ATX is 85 K for 
Fe56Co7Ni7Zr8Nb2B2o, being larger than the largest values 
(57 to 67 K) for Fe-(A1, Ga)-(P, C, B, Si)14'15 and nonfer- 
rous Pd- and Pt-based amorphous alloys.16'17 

Table I summarizes the tmax, Tg, A Tx and Tg ITm of the 
Fe-(Co, Ni)-M-B amorphous alloys. We also evaluated the 
reduced glass transition temperature (Tg/Tm). The Tm was 
1420 K for Fe56Co7Ni7Zr10B20 and 1416 K for 
Fe60Co8Zr10Mo5W2B15 and the Tg/Tm was evaluated to be 
0.60 for the former alloy and 0.63 for the latter alloy. Con- 
sidering that Tg/Tm is 0.54 for Fe80P12B4Si4

18 and 0.57 for 
Fe73Al5Ga2P11C4B4Si1,

18 the present Tg/Tm values are be- 
lieved to be the highest among all Fe-based amorphous al- 
loys. 

Figure 3 shows the real and imaginary parts of perme- 
ability (fi' and fi"), respectively, as a function of frequency 
(/) for the Co56Fe16Zr8B20 amorphous ribbon of 1 mm 
width. The /*' of the Co56Fe16Zr8B20 ribbon keeps high val- 
ues of 17 100 to 5500 in the high frequency range up to 1 
MHz and decreases with a further increase in frequency to 10 
MHz. It is to be noticed that the frequency at which the 
maximum /m," is obtained for the ribbon is as high as about 1 
MHz. The fj,"(f ) data indicate that the Co-Fe-Zr-B alloy 
can keep high JA' values up to 1 MHz of the maximum /x" 
point. The fi' value is much higher than those for the 
Fe-Si-B amorphous ribbon with the same width of 1 mm 
over the whole frequency range. Furthermore, the fi' values 
of the Co56Fe16Zr8B20 alloy is higher than those for the 
Co-Fe-Ni-Mo-Si-B amorphous alloy with zero A.^ in the 
high frequency range above 10 kHz. The electrical resistivity 
(pRT) of the Co56Fe16Zr8B20 alloy is 1.70 /tflm, which is 
higher as compared with 1.34 /x il m for Co703Fe47B10Si15, 
1.37 /xÜrn for Fe78B13Si9 (METGLAS 2605S-2) and 
1.42 /iÜm for the Co-Fe-Ni-Si-B METGLAS 2714A 
alloy.19 Consequently, the excellent high-frequency perme- 
ability for the present alloys is probably due to the decrease 
in eddy current loss resulting from the higher pRT. It is con- 
cluded that the present Co-based amorphous alloys have 
good soft magnetic properties and high stability of super- 
cooled liquid against crystallization. 

Table II summarizes the tmax, Is, Hc, (ie at 1 kHz and 
\s for the new amorphous Fe-(Co, Ni)-M-B alloys. These 
amorphous alloys exhibit good soft magnetic properties in an 

annealed (800 K, 300 s) state, i.e., high /, of 0.74 to 0.96 T, 
low Hc of 1.1 to 3.2 A/m, high fie of 12 000 to 25 000 and 
low X, of 10X 10"6 to 14X 10~6. The Hc and /ne are supe- 
rior to those for conventional Fe-Si-B amorphous ribbons, 
presumably because of the lower ks. 

Finally, the reason for the large A Tx and fmax for the 
Fe-based amorphous alloys is discussed in the framework of 
the three empirical rules for the achievement of high glass- 
forming ability. The base composition is the Fe-Zr-B sys- 
tem which satisfies the three empirical rules. The addition of 
Nb, Ta, Mo, and W is effective for the increase in the degree 
of the satisfaction of the empirical rules. That is, the addition 
of these elements causes the more sequential change in the 
atomic size in the order of Zr^Nb>W>Mo>Fe>Co>B as 
well as the generation of new atomic pairs with various nega- 
tive heats of mixing. In the supercooled liquid in which the 
three empirical rules are satisfied at a high level, the topo- 
logical and chemical short-range orderings are enhanced, 
leading to the formation of a highly dense random packed 
structure with low atomic diffusivity. The largest LTX is 85 
K for Fe56Co7Ni7Zr8Nb2B20 and 35 K for Co56Fe16Zr8B20 

and the fmax reaches 5 mm for Fe60Co8Zr10Mo5W2B15. Fur- 
thermore, these bulk amorphous alloys exhibit good soft 
magnetic properties. These novel characteristics allow us to 
expect that the new Fe- and Co-based bulk amorphous alloys 
are used as engineering materials. 
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Influence of Si addition on thermal stability and soft magnetic properties 
for Fe-AI-Ga-P-C-B glassy alloys 
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Central Research Laboratory, Alps Electric Co., Ltd., 1-3-5 Higashitakami, Nagaoka 940, Japan 

A. Inoue 
Institute for Materials Research, Tohoku University, 2-1-1 Katahira, Aoba-ku, Sendai 980-77, Japan 

The thermal stability of the supercooled liquid region (A 7^), defined by the difference 
between crystallization temperature (Tx) and glass transition temperature (Tg), and soft 
magnetic properties were investigated for Fe70Al5Ga2Pi2.65-^C575B46SiJ.(x = 0-4) and 
Fe77Al2.i4Ga086P11_A.C5B4SiT(x = 0-3) glassy alloys. The thermal stability, glass forming ability 
and effective permeability (fie) at 1 kHz are improved with the replacement of P by 1-3 at. % Si 
for Fe70Al5Ga2Pj2.65-xC5.75B4.6Six and by 1-2.6 at. % Si for Fe77Al2.i4Ga0.86P11_A.C5B4Si;c. The 
ATX and the maximum thickness for glass formation (fmax) reach maximum values of 60 K and 280 
^m, respectively, for Fe70Al5Ga2Pi2.65-xC5.75B4.6Six and 34 K and 220 /mi, respectively, for 
Fe77Al2.14Ga0.86Pn_xC5B4Six at Si(at. %)/(Si(at. %)+P(at. %)) = 0.24. Core losses for 
Fe77Al214Gao 86P8 4C5B4Si2 6 glassy alloy is much lower than that for amorphous Fe-Si-B alloy at 
the sheet thickness more than 70 ^m. Therefore, it can be said that the Fe-Al-Ga-P-C-B-Si 
glassy alloys are useful for inductive applications because of their bulky shape and good soft 
magnetic properties.   © 1998 American Institute of Physics. [S0021-8979(98)47211-6] 

Since the discovery of good soft magnetic properties for 
Fe-based amorphous alloys,1'2 the development of thicker 
ferromagnetic amorphous alloy sheets has been desired for 
further extension of application fields for these alloys. The 
thicker sheets have been also desired because the reduction 
of lamination process for transformers and/or inductors is 
expected by using thicker sheets. Furthermore, lamination 
factor will be improved with use of thicker sheets. However, 
to date, it has been known that the preparation of amorphous 
sheets with thicknesses over 100 yttm was very difficult be- 
cause of the necessity of high cooling rates resulting from 
their low glass-forming ability.3 Recently, bulk glassy alloys 
have been formed in multicomponent Mg-,4'5 Ln-,6'7 Zr-,8"11 

and Pd-12 based (Ln=lanthanide metal) alloy systems. These 
bulk glassy alloys have a wide supercooled liquid region 
above 60 K before crystallization. There is a clear tendency 
for the glass-forming ability to increase with increasing 
A Tx. The above mentioned glassy alloys always satisfy the 
following three empirical rules13"15 for achievement of a 
large glass-forming ability; i.e., (1) multicomponent alloy 
systems consisting of more than three elements, (2) signifi- 
cantly differential atomic size ratios above about 12% among 
the main constituent elements, and (3) negative heats of mix- 
ing among their elements. Based on the three empirical rules, 
we have searched for new Fe-based glassy alloys with a wide 
supercooled liquid region before crystallization. As a result, 
we have already reported that the Fe-based glassy alloy 
sheets with thicknesses up to 190 fum were prepared by us- 
ing a melt spinning technique in Fe-(A1, Ga)-(P, C, B, Si) 
where the three group elements satisfied the three empirical 
rules.16 We have tried to further investigate the composition 
to prepare a much thicker sample. This paper investigates the 
influence of Si addition on the thermal stability of the super- 
cooled liquid region and the soft magnetic properties for Fe- 

Al-Ga-P-C-B glassy alloys with various Fe concentrations 
and possibility of producing a thick glassy alloy sheet with 
good soft magnetic properties. 

Multicomponent Fe7oAl5Ga2Pi2.65-xC5.75B4.6Si^(^ 
= 0-4) and Fe77Al214Ga0.86P11_;cC5B4SiJC(^ = 0-3) alloys 
were used in the present study because the highest perme- 
ability (fie) at 1 kHz and the largest saturation magnetization 
((Ts) for alloys having a supercooled liquid region 
in the Fe-Al-Ga-P-C-B system were obtained for 
Fe70Al5Ga2Pn.65C5.75B« and Fe77Al2.i4Ga0.g6P11C5B4) 

respectively.17 The alloy ingots were prepared by induction 
melting the mixtures of pure Fe, Al, and Ga metals, pre- 
melted Fe-P and Fe-C and pure crystalline boron in an ar- 
gon atmosphere. Rapidly solidified alloy sheets with various 
thicknesses ranging from 15 to 320 //.m were prepared, 
through the control of roll velocity, by a single roll melt 
spinning method. The amorphous nature was confirmed by 
x-ray diffraction. The thermal stability associated with the 
glass transition, the supercooled liquid region and crystalli- 
zation were examined by differential scanning calorimetry 
(DSC) of a heating rate of 0.67 K/s. The magnetic properties: 
saturation magnetization (as), coercive force (Hc), perme- 
ability (fie) at 1 kHz, saturation magnetostriction (Xs) and 
core loss (W) were measured at room temperature with a 
vibrating sample magnetometer (VSM), a B-H loop tracer, 
an impedance analyzer, a three-terminal capacitance appara- 
tus and a single sheet tester (SST), respectively. 

Figure 1 shows the DSC curves for the melt- 
spun Fe7oAl5Ga2P12.65_^C575B4.6Sii(x = 0-4) and 
Fe77Al2.14Ga086P11_^C5B4Six(x = 0-3) alloy sheets with a 
thickness of about 30 fim as a function of Si content. One 
can see an increase in specific heat (endothermic reaction) 
due to a glass transition, followed by a supercooled liquid 
region for the samples containing x = 0  to 3  at. % for 

0021-8979/98/83(11 )/6329/3/$15.00 6329 © 1998 American Institute of Physics 
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FIG. 1. Changes in DSC curves for the Fe70Al5Ga2P1265_jC575B46Sij and 
Fe77Al2.i4Ga086P11^JC5B4Sii alloy sheets with a thickness of about 30 fim 
as a function of Si content. 

rCs 7sBd fiSl, and      x - 0 at. % for Fe7oAl5Ga2P12.65-^v.5.75D4.6c 
Fe77Al2.i4Ga086P11_xC5B4SiJ. and then an exothermic reac- 
tion, indicating that crystallization of the amorphous phase 
takes place through a single stage. The latter leads to simul- 
taneous precipitation of more than two kinds of crystalline 
phase, including a-Fe, Fe3B, Fe3P, Fe2B, and Fe3C. A su- 
percooled liquid region and two exothermic peaks due to the 
two-stage crystallization are observed for the samples con- 
taining 4 at. % Si for Fe70Al5Ga2P1265_^C575B46Si^ and 
s*2 at. % Si for the Fe77Al2.14Ga086P11„xC5B4Six. The first 
and second peaks are due to the crystallization of a-Fe and 
Fe3B and of Fe3P, Fe2B and Fe3C for both alloy series. 

Figures 2(a) and 2(b) plot the ATX and ?max as a function 
of Si content. The ATX increases with increasing Si content 
up to 3 at. % for Fe70Al5Ga2P12.65-.jt-C5.75B4 6Sij. and up to 2.6 
at. % for Fe77Al2.i4Ga0.86P11_xC5B4SiJ, then decreases rap- 
idly. There is a clear tendency for ?max to increase with in- 
creasing ATX. 

Figure 3 shows the relation between the ratio of ä.Tx to 
ATX at x = 0 at. % (LTxlaTx{$i=0 at. %)) and the ratio of 
Si content to total Si and P content (Si/(Si+P)). The 
LTxlbkTx(Si=0 at. %) increases with increasing Si/(Si+P), 
and reaches the maximum value at Si/(Si+P) = 24%, then 
decreases with increasing (Si/(Si+P)) for both alloy series. 
This fact indicates that the replacement of P by Si as 
Si/(Si+P) = 24% causes the greatest increase in hTx and fmax 

for Fe-Ga-Al-P-C-B-Si glassy alloys. 
It is important to achieve high thermal stability of the 

supercooled liquid for increase in the glass forming ability. 
That is, the necessity of long-range rearrangements of the 
constituent elements causes the retardation of the crystalliza- 
tion reaction, leading to the high stability of the supercooled 
liquid region and the large glass forming ability. It is there- 
fore presumed that the atomic rearrangements are most dif- 
ficult in case of Si/(Si+P)= 24% for these alloys. The atomic 
sizes of the metalloids change in the order Si>P>B>C. The 
increase in the variety of atomic sizes also implies that the 
atomic rearrangement for the precipitation reaction becomes 
difficult. Furthermore, the similarity of the atomic sizes and 
the large negative heats of mixing18 between P and Si allow 
us to presume that Si is preferentially dissolved into Fe3P 
and the precipitation of the Fe3(P, Si) phase becomes more 
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FIG.   2.   The   changes   of   (a)   the   AT,   and   (b)   the   fmax   for   the 

Fe70Al5Ga2P,2.65_.tC5.75B4.6Si,.    and    Fe77Al2.,4Ga0.86P,l_,C5B4Si.t    alloy 
sheets with a thickness of about 30 fim as a function of Si content. 

difficult as a results of the need for the rearrangements of 
two kinds of metalloid atoms. This mechanism is thought to 
cause the most effective extension of the supercooled liquid 
region when the P element in these glassy alloys is replaced 
by Si such that Si/(Si+P) = 24%. 

Figures 4(a), 4(b), and 4(c) show the dependence of Hc, 
pe and X, on Si content for Fe70Al5Ga2P1265^^C575B46Six 

and Fe77Al214Ga0g6Pii-^C5B4SiJ. glassy alloys for a sample 
thickness of 30 fim. The Hc of these glassy alloys are below 
3 A/m up to 3 at. % Si for Fe70Al5Ga2P12.65_xC575B4.6Six 

and up to 2.6 at. % Si for Fe77Al214Ga0.86P11_jCC5B4SiJc. On 
the other hand, the Hc drastically increases beyond 3 at. % Si 
and 2.6 at. % Si, respectively, for the two systems. The fie 

increases with increasing Si content up to 3 at. % Si for 
Fe70Al5Ga2P12.65-iC5.75B4.6Sij. and up to 2.6 at. % Si for 
Fe77Al2.i4Ga0.g6P1i_xC5B4SiJt, then decreases for higher Si 
contents. The influence of Si addition on Hc and fxe is not 
reflected in the data for Xs, and may be related to the glass 
forming ability. It is, therefore, speculated that the alloys of 
higher glass forming ability have a more homogeneous struc- 
ture thus giving superior soft magnetic properties. A detailed 
investigation of the microstructure is expected to shed some 
light on the reason for the effect of Si addition on the soft 
magnetic properties. 
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FIG. 4. The influence of Si content on (a) Hc, (b) /j,e and (c) Xs for the 

Fe70Al5Ga2P1265_.cC5.75B4.6Si.t and Fe77Al214Ga086Pn_;[C5B4S^ alloy 
sheets with a thickness of about 30 /am. 

Figure 5 shows the changes in core losses at /= 50 Hz 
and Bm=1.0T as a function of sample thickness for 
Fe77Al214Gao 86P8 4C5B4Si2 6 glassy alloy and amorphous 
Fe78Si9B13 alloy. The structure of both samples confirmed by 
x-ray diffractometry are also shown in Fig. 5. The core loss 
for the Fe77Al2.14Ga0 86P8 4C5B4Si2.6 is under 0.3 W/kg at the 
thickness up to 210 /mm. However, that for amorphous 
Fe78Si9B13 alloy is over 0.3 W/kg at the thickness over 70 
/mi, and rapidly increase over 100 /urn, because of precipi- 
tation of Fe3B crystalline phase. It is well known that the 
precipitation of crystalline makes the soft magnetic proper- 
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FIG. 5. Changes in core losses at/=50 Hz and Bm= 1.0 T as a function of 

sample thickness for Fe77Al214Gao 86P8 4C5B4Si2 6 glassy alloy and amor- 

phous Fe78Si9B13 alloy. The structure of both sample confirmed by x-ray 
diffractometry are also shown. 
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FIG. 6. Changes in core losses at 50 Hz for Fe77Al214Gao 86P8 4C5B4Si2 6 

alloy sheet, Fe78Si9B13 amorphous ribbon and 6.5% Si-steel with a thickness 

of about 100 /an as a function of Bm . 

ties inferior.19 Therefore, it can be said that the amorphous- 
ness of Fe-Al-Ga-P-C-B-Si glassy alloy is much higher 
than that of amorphous Fe-Si-B alloy. 

Figure 6 shows the core losses at 50 Hz for 
Fe77Al2.i4Ga086P84C5B4Si2.6 glassy alloy, amorphous 
Fe78Si9B13 alloy and for 6.5% silicon steel,20 having 
in each case a thickness of 100 yum, as a function of maxi- 
mum magnetic flux density (Bm). The core loss for 
Fe77Al2 i4Gao.86P8.4C5B4Si2 6 glassy alloy is much lower than 
those of other magnetic alloys for the whole range of Bm. 
Viewed in this light, Fe-Al-Ga-P-C-B glassy alloys con- 
taining Si can be regarded as having good potential as bulk 
soft magnetic materials. 
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Application of nanocrystalline soft magnetic Fe-M-B (M=Zr, Nb) alloys 
to choke coils 
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We have developed a choke coil made of new nanocrystalline soft magnetic Fe-M-B (M=Zr, Nb) 
alloys ("NANOPERM™ " material) which exhibit high saturation magnetic induction (Bs), above 
1.5 T, excellent soft magnetic properties and zero magnetostriction. A choke coil made of 
NANOPERM™ material exhibits good dc bias characteristics of inductance because of the high Bs. 
Furthermore, the choke coil made from NANOPERM™ material showed l/3rd the temperature rise 
shown by a core made from Fe-Si-B amorphous alloy. The low core loss and high Bs of 
NANOPERM™ material allow the reduction of the core size. It is concluded that NANOPERM™ 
is suitable as a core material for choke coils. © 1998 American Institute of Physics. 
[S0021-8979(98)36611-6] 

I. INTRODUCTION 

In increasing instances the reactors of phase modifying 
equipment are disabled by line current which contains higher 
harmonic distortion generated by switching regulators, etc. 
Line current correction to sinusoidal wave by using active 
filters is a useful method to prevent distortion in the reactors. 
High saturation magnetic induction (Bs) and low core loss 
are required for the core material of choke coils as active 
filters because high frequency current with large amplitude 
superimposed on direct current flows into the choke coil. It 
has been reported by us that new nanocrystalline soft mag- 
netic Fe-M-B (M=Zr, Nb) alloys ("NANOPERM™ " ma- 
terial) show high Bs above 1.5 T, excellent soft magnetic 
properties, low core losses and sufficiently small 
magnetostriction.1-4 Figure 1 shows the relation between Bs 

and permeability Oe) at 1 kHz for NANOPERM™ material 
and other soft magnetic materials. NANOPERM™ material 
is found to be situated in the top right corner of the figure. 
NANOPERM™ material is therefore expected to be used as 
core material for choke coils as active filters. In this article, 
we report the characteristics of the choke coil made of 
NANOPERM™ material. 

II. EXPERIMENTAL PROCEDURE 

The Fe84Zr35Nb3 5B8Cuj alloy was selected an example 
of NANOPERM™ material in this study. The 
NANOPERM™ ribbon with 20 yam in thickness was pro- 
duced by using a single-roller melt-spinning method in an Ar 
atmosphere. In order to compare the magnetic properties, a 
commercial Fe78Si9B13 amorphous alloy (METGLAS® alloy 
2605 S-2) ribbon with the same thickness as the 
NANOPERM™ material was prepared. Table I shows typi- 
cal magnetic properties for the alloys. • 

Toroidal samples were prepared as follows. A mixture of 
MgO powders and sodium silica solution (water glass) was 
applied to both sides of the ribbons to prevent electrical con- 
tact between the ribbons. The ribbons were wound into tor- 

oidal cores with 38 mm in outer diameter, 23 mm in inner 
diameter and 15 mm in height. The annealing treatment of 
the cores was carried out in vacuum by keeping the cores at 
953 K for 600 s (NANOPERM™) or at 643 K for 7.2 ks 
(Fe-Si-B amorphous alloy). The annealed cores were en- 
capsulation in an epoxy resin. Then the cores were processed 
by cutting a 2 mm air gap and inserting an insulating mate- 
rial in the gap. 

Measurements of core losses were carried out using an 
ac B-H analyzer after annealing, after encapsulation, and 
after introducing an air gap. dc bias characteristics were mea- 
sured after introducing an air gap. 

III. RESULTS AND DISCUSSION 

Table II shows the size, the lamination factor and the 
effective cross section of the cores. The size of the cores is 
almost the same. Figure 2 shows the change in core loss of 
the cores after annealing, encapsulation, and introducing an 

10s 

8 1°4 
c 
aj a. 

10J 

I I ' ' I ' ' ' ' I ' ' ' ' I 
Co-based amorphous alloys 

NANOPERM 

Ni-Fe alloys 

Nanocrystalline 
Fe-Si-B-Nb-Cu 

5 

MnZn-ferrite 
j i i i I i i—i 

Silicon steels     — 
i  i  i  i  I  i  i  i  i  I  i 

0 0.5 1.0 1.5        2.0        2.5 

Saturation induction, ßs (T) 

FIG. 1. Relationship between Bs and /ic at 1 kHz for NANOPERM™, the 
nanocrystalline Fe-Si-B-Nb-Cu alloys (Ref. 5) and conventional soft 
magnetic materials. 
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TABLE I. Typical example of the saturation induction (Bs), permeability (/*), core loss (W), and saturation 
magnetostriction (\s) for the alloys (Refs. 3 and 6). 

BS(T) 

M W (W/kg) 

Alloys 1 kHz      100 kHz 1 kHz, IT    100 kHz, 0.1 T XS(KT6) 

NANOPERM™ 
Fe-Si-B amorphous alloy 

1.53 
1.56 

100 000      18 000 
10 000       5 000 

1.1                    15 
4.0                   48 

~0 
+ 27 

TABLE II. Outer diameter (OD), inner diameter (ID), height (H), lamina- 
tion factor (K), and effective cross section (S). 

Alloys 
OD 

(mm) 
ID 

(mm) 
H 

(mm) 
K S 

(mm2) 

NANOPERM™ 
Fe-Si-B amorphous 

alloy 

37.1 
36.9 

23.2 
22.9 

15.5 
15.5 

77.1 
65.8 

79.0 
71.4 
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FIG. 2. Change in the core loss of the cores with annealing, encapsulation, 
and processing the air gap. 

f= 100 kHz 

200 400 600 

/* * N (AT) 

800 

FIG. 3. Change of inductance as a function of dc bias current (/dc) times 
number of turns (N) for choke coils made of NANOPERM™ and Fe-Si-B 
alloy. 

air gap. The core loss of NANOPERM™ core after anneal- 
ing is about l/3rd as large as that of the Fe-Si-B core. After 
encapsulation in the epoxy resin, the core loss of the Fe- 
Si-B core showed a large increase due to stress from the 
resin. Since the magnetostriction of the Fe-Si-B amorphous 
alloy is large, the soft magnetic properties are inferior in the 
stressed state. On the other hand, the NANOPERM™ core 
exhibits almost the same low core loss value as that of the 
core before encapsulation because of its zero magnetostric- 
tion. The encapsulation treatment is necessary to cut an air 
gap. It can be said that the zero magnetostriction is necessary 
for the toroidal core with a gap to exhibit a low core loss. 
After introducing an air gap, the core loss increase in both 
NANOPERM™ and Fe-Si-B alloys. However, the 
NANOPERM™ core exhibits smaller core loss which is only 
l/5th that of the Fe-Si-B core. 

Figure 3 shows dc bias characteristics of the gapped 
cores with 25 turn coil. The inductance of the 
NANOPERM™ and the Fe-Si-B cores show a decrease 
around NX7=700 AT because the saturation magnetic in- 
ductions of both the core materials are almost equal. When 
leakage flux from the air gap can be neglected, inductance 
(L) of the gapped core can be written as 

L = N2S (1) 

where lg is gap length, I is length of magnetic path, /j, is 
permeability of material, and /JL0 is permeability of vacuum. 
When //, is much larger than fi0, a term of (I — lg)//m can be 
neglected. Therefore, the inductance of the gapped core is 
independ of /JL. However, although the NANOPERM™ and 
the Fe-Si-B cores have the same size and the same gap 
length, the inductance of the NANOPERM™ core is 10% 
larger than that of the Fe-Si-B core at a dc bias current of 
zero. The difference in inductances is caused by the differ- 
ence in effective cross sections of the cores. As shown in 
Table II, the effective cross section of the NANOPERM™ 
core is 14% larger than that of the Fe-Si-B core, which is in 
good agreement with the difference in inductances. 

Next, we have examined the relation between the choke 
coil loss and temperature rise (AT) of the choke cores. The 
miniaturization of the core is limited by Bs and by the core 
loss of the core material. If the core loss is large, the core 
volume should be increased because maximum magnetic in- 
duction (Bm) should be decreased to reduce A7\ Figure 4 
shows the Bm dependence of the choke coil loss which con- 
sists of the core loss and the copper loss. The operating fre- 
quency is 50 kHz and Bm is changed from 0.01 to 0.1 T. The 
choke coil loss is 4.2 W for Fe-Si-B alloy, and is 1.3 W for 
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FIG. 4. Bm dependence of the choke coil loss, which consists of the core 
loss and the copper loss. 

NANOPERM™ material at £„, = 0.1 T. Figure 5 shows Ar 
of the choke coils as a function of Bm. When £„, = 0.1 T, 
AT is 34 K for the Fe-Si-B choke coil and 11 K for the 
NANOPERM™ choke coil, respectively. The AT of the 
NANOPERM™ choke coil is only 32% that of the Fe-Si-B 
one. In order to achieve a small AT of 11 K for Fe-Si-B 
core, it is necessary to reduce the Bm value to 0.05 T. This 
means that core volume should be doubled for the Fe-Si-B 
choke coil. 

NANOPERM™ shows a high Bs which is comparable to 
that of Fe-Si-B amorphous alloys, and its choke coil loss is 
only l/3rd that of Fe-Si-B amorphous alloys. The very low 
loss allows a reduction in core size. It is concluded that the 
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FIG. 5. AT of the choke coils as a function of Bm 

size of the choke coils can be significantly reduced by re- 
placing the core material from Fe-Si-B amorphous alloys to 
NANOPERM™. Therefore, NANOPERM™ material is suit- 
able as core material for the choke coils of active filters. 
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The effects of Al on the magnetic properties of nanocrystalline Fe73 5_xAlxSi13 5B9Cu1Nb3 alloy 
ribbons, where 0«X« 10, are reported for the first time. The evolution of the structure and magnetic 
properties of the ribbons, which were initially cast into the amorphous state in an inert gas 
environment at subatmospheric pressure, were studied as a function of annealing temperature Twn. 
The minimum dc coercivity developed during annealing, H™m, was found to decrease significantly 
with increasing Al content from 0.5 A/m at X=0 to 0.3 A/m at X=2 and to remain at 
approximately this level over the range 2<X=£8 before rising to 0.4 A/m at X= 10. The saturation 
polarization, Js, was, however, found to decrease linearly over this range from Js=l.5 T at X 
= 0 to Js = 0.9 T at Z= 10 for samples exhibiting Hfm. As there was little significant reduction in 
the mean crystallite size, dg, at H™m with increasing X, this decrease in coercivity was considered 
to result from a reduction of the magnetocrystalline anisotropy, Kx, of the crystallites as a result of 
the incorporation of Al.   © 1998 American Institute of Physics. [S0021-8979(98)49811-6] 

I. INTRODUCTION 

Nearly a decade ago Yoshizawa et al.l of Hitachi Re- 
search Laboratories showed that small additions of Nb and 
Cu to a base FeBSi glass forming composition induce the 
initially amorphous as-spun ribbon to devitrify, on controlled 
annealing, to a nanocomposite structure of FeSi crystallites, 
of mean diameter 10-15 nm in a glassy matrix which is 
enriched in Nb and B. The Cu and Nb act, respectively, to 
maximize the number density of crystal nuclei and to retard 
grain growth, thus promoting the formation of an ultrafine 
grain structure. Contrary to classical behavior of pinning of 
domains at grain boundaries, for grain diameters (dg) 
«50 nm the coercivity Hc diminishes with decreasing dg 

down to ~0.5 Am-1 at ~ 10 nm while, correspondingly, the 
initial permeability fj,t increases to a peak value of ~105. 
These properties are better than for amorphous Fe-based al- 
loys and are comparable with those of Co-based metallic 
glasses which has significant technoeconomic significance. 
Thus, this so-called Finemet® alloy has stimulated the curi- 
osity of a large body of magneticians and materials scien- 
tists. 

A number of workers have investigated the effects on 
the soft magnetic properties of the substitution of additional 
alloying elements for Fe in the Fe73 5Si13 5B9Cu1Nb3 alloy 
composition to further improve the properties [e.g., Co,2 Al3] 
as well as the substitution of Cr, V, Ta, etc., for Nb.4 No 
significant improvements in soft magnetic properties were 
reported over those of the base composition with the excep- 
tion of the study of Lim et al.3 which found that substitution 

"^Electronic mail: h.a.davis@shelfield.ac.uk 

of Al for Fe in Fe73 5_xAlxSi13 5B9Cu1Nb3 in the range 0 
«X« 1 improved the dc coercivity (Hc) but caused other 
soft magnetic properties, i.e., relative ac permeability (pi) 
and saturation magnetostriction (Xs) to deteriorate. In this 
article we present initial data from an extensive study of 
Fe735_xAlxSii35B9Cu1Nb3 with 0=£X=£10. The rationale 
behind this work is that ternary FeSiAl crystals exhibit lower 
K1 than those of the binary FeSi system and that the satura- 
tion magnetostriction Xä of the nanocrystallites can be 
readily controlled5 thus leading to the possibility of the de- 
velopment of alloys with lower \s than Finemet®. 

II. EXPERIMENT 

A series of Fe73 5_xAlxSi13 5B9Cu!Nb3 alloy ingots with 
compositions in the range 0^X^10 were prepared by rf 
melting of high purity elements in a flowing Ar atmosphere. 
Ribbons of cross section typically 20 /xmX2.0 mm and sur- 
face roughness less than 1.5 fim were prepared by melt spin- 
ning these ingots in helium at 1/3 atm ambient pressure. The 
resultant ribbons were cut into 100 mm lengths and thermal 
treatments were performed in an inert Ar atmosphere in a 
conventional furnace for 1 h after which the samples were 
allowed to air cool. The structure of the alloys, both in the 
as-cast state and after subsequent heat treatment, was con- 
firmed by x-ray diffraction using Co Ka radiation, and the 
mean crystallite size (dg) for the Fe-Si phase estimated 
from the half peak breadth of the (110) x-ray diffraction peak 
via the Scherrer equation. TEM was also employed for se- 
lective studies of the nanostructure and grain size. The satu- 
ration polarization (Js), Hc, and Ks were measured using a 
vibrating   sample   magnetometer   (VSM)   hysteresis   loop 

0021-8979/98/83(11 )/6335/3/$15.00 6335 © 1998 American Institute of Physics 
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FIG. 1. Variation in (a) the minimum coercivity (//"'"), (b) saturation po- 
larization (7S), and (c) crystallite diameter (dg) for optimally annealed 
samples as a function of Al content X. 

tracer6 and the small angle magnetisation rotation (SAMR) 
method,7 respectively. The loop tracer has been specifically 
designed for reliable and reproducible measurements of high 
fi low Hc materials. 

III. RESULTS AND DISCUSSION 

The results presented in this section are for samples heat 
treated at an optimum annealing temperature (T°^n) to de- 
velop the minimum dc coercivity H™n for each of the com- 
positions investigated. This was found to be 540 °C for X 
= 0 and 520 °C for all of the Al-containing compositions. 
Figure 1(a) shows the dependence of minimum coercivity 
ff™n as a function of Al substitution X. Following a substan- 
tial (40%) initial decrease, from 0.5 A/m at X=0 to 0.3 A/m 
for X=2 //™m remains approximately constant at 0.3 A/m up 
to X=S at. %; it then increases to 0.4 A/m at X= 10 at. %. 
The effect of substituting Fe for Al on the magnitude of Js 

can be seen in Fig. 1(b). The linear decrease in Js, from 1.5 

=K> (J/rri ) 

0123456789      10 

Al content X (at.%) 

FIG. 2. Variation in the effective anisotropy (K), derived from Eq. (2), as a 
function of the aluminum content X of the alloys. 

T for the base composition to 0.9 T at X= 10 (a rate of 
—0.06 T/at. % Al) is as might be expected for replacement 
of Fe by a nonferromagnetic component. Figure 1(c) shows 
that the aluminium content does not influence significantly 
the mean crystallite diameter for alloys in their optimum 
condition, i.e., dg remains constant at 10± 1 nm. This was 
also confirmed by direct observation of the alloy nanostruc- 
ture by TEM. This observation contrasts with that of Lim 
et al? who reported dg to decrease upon the addition of 0.1 
at. % Al and to remain constant thereafter although the mag- 
nitude of this decrease was not disclosed. 

These values of H™n and Js allow the variation in effec- 
tive magnetocrystalline anisotropy (K) to be estimated as a 
function of X. By using the random anisotropy model 
(RAM) developed by Alben et al} for amorphous ferromag- 
nets Herzer9 showed that, for dg less than the exchange 
length Lex (~40 nm), (K) could be approximated by 

(Q~KA
ld

6
g/A

3 (1) 

and that Hc and (K) were related thus 

<*> 
Hc = pcX-r (2) 

which leads to the following relationship between coercivity 
and grain diameter: 

Hc~pc* A3J/ (3) 

where pc is a constant and A is the exchange stiffness inside 
the crystal with all other symbols as previously defined. 
Assuming9 that the composition of the crystallites is 
Fe~20at. % Si and A= 1 X10"11 Jm"1 and £, = 8 
X 103 J nT3 and using the measured values of H™m, Js and 
dg for the X = 0 alloy in Eq. (3) yields a value of 0.19 for the 
constant pc. Assuming that this value is applicable for the 
range of aluminium contents studied we can use the experi- 
mentally determined values of H™n and Js to estimate (K) 
from Eq. (2). The variation in (K) with respect to X, derived 
in this way, is shown in Fig. 2. 

Equation (1) shows (K) to be strongly dependent upon 
both d„ and KY and, as such, both of these factors must be 
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considered as possible reasons for the observed decrease. 
(K) varies as a d6

g so that a 1 nm decrease in dg could 
account for the change in (K) shown in Fig. 2. As ± 1 mm is 
estimated to be the precision of the x-ray line broadening 
determination of dg it cannot be stated, on this basis, that it is 
the principal contribution to the decrease in (K). However, 
although it is difficult to establish the absolute value of dg to 
better than ± 1 nm by TEM owing to crystallite overlapping 
effects in the thin foil image, the observations indicated that 
no change occurred over the range of X studied and thus it is 
considered that the observed decrease in Hfm result prima- 
rily from a decrease in the magnetocrystalline anisotropy 

The measured magnetostriction of the Al-alloys exhibit- 
ing minimum dc coercivity (Fig. 3) is significantly greater 
than that of the Al-free alloy, measured at optimum Hc, 
rising to a maximum of 10X 10"6 at X=2 from 3X 1(T6 at 
X=0 and falling as X increases further to a value of X.s=6 
X 10~6 in the range of 4=£X:£ 10 and are in good agreement 
with the results of Lim et al.3 for O^sX^s 1. Figure 4 com- 
pares the dependence on annealing temperature of Xs for the 
X=2 alloy of the present work and those of Yoshizawa 
et al.1 for the Finemet® composition. Clearly A.s is very sen- 
sitive to Tmn in both alloys. In the case of the alloy contain- 
ing 2 at. % Al, for example, \s falls to approximately zero 
after annealing at 550 °C for 1 h which is significantly 
smaller than the minimum value of2.1XlO~6 developed by 
the Al-free composition.1 An advantage of the Al containing 
alloys is that an ultralow coercivity is developed over a 
wider range of annealing temperatures than is the case for the 
Al-free composition, meaning that, if the X=2 alloy is opti- 
mized with respect to magnetostriction, for example, the co- 
ercivity exhibited in this condition is comparable with that of 
Finemet, i.e., Hc = 0.5 A/m. 
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FIG. 4. Comparison of the response of saturation magnetostriction (\s) to 
annealing temperature (Tann) forX=0 (Ref. 1) andX=2 (present work). 

IV. CONCLUSIONS 

The soft magnetic properties of nanocrystalline 
Fe735_xAlxSi135B9Cu1Nb3 have been investigated in the 
range of O^X^S 10. It was found that the minimum dc coer- 
civity developed on annealing of the initially amorphous as- 
spun ribbons showed an initial decrease from 0.5 A/m at X 
= 0 to 0.3 A/m at X=2 after which Hfn shows little varia- 
tion up to X= 8 beyond which it increases to 0.4 A/m at X 
= 10. Over this same range of X the saturation polarization 
decreases linearly while dg was determined by x-ray meth- 
ods to remain at a constant 10 ±1 nm and TEM confirmed 
that there was no change in the structure with increasing 
aluminium substitution. The saturation magnetostriction 
shows a marked increase over this range of X compared with 
the base alloy composition. The improvement in the dc co- 
ercivity has been attributed to a decrease in the effective 
anisotropy {K) of the alloy and this decrease has been as- 
cribed, on the basis of available evidence, to a decrease in 
the magnetocrystalline anisotropy of the nanocrystallites. We 
have also established that, by the optimization of the heat 
treatment temperature for the X=2 material a zero magne- 
tostrictive alloy with a dc coercivity comparable with that of 
Finemet is achieved. 
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Results are presented on the evolution with the thermal treatment parameters of the effective 
anisotropy and dispersion fields and of the saturation magnetostriction of samples having nominal 
compositions given by Fe93_A:Zr7BJ.Cu>, (x = 6-8 and y = 0-2). From these data we conclude that 
the enhancement of the soft magnetic character of the samples induced by the anneals carried out in 
the temperature range 480-600 °C could be linked both to the decrease of the anisotropy field and 
to the reduced magnetostriction values resulting from the thermal treatments. © 1998 American 
Institute of Physics. [S0021-8979(98)36711-0] 

I. INTRODUCTION 
FeZrB(Cu) crystalline alloys with ultrafine microstruc- 

tures show excellent soft magnetic properties and are re- 
garded as promising candidates for practical uses. These al- 
loys are prepared by partial crystallization of melt spun 
precursors resulting in the precipitation, from the amorphous 
matrix, of bcc Fe grains having a typical diameter of 10 nm.1 

The basic mechanism responsible for the outstanding mag- 
netic properties of these nanocrystalline alloys is the averag- 
ing (over regions containing a large number of grains) of the 
easy directions of the local magnetocrystalline anisotropy. 
From a study of the effective anisotropy in FINEMET-type 
nanocrystalline alloys,3 it was possible to deduce that this 
averaging was based on the occurrence of intergranular cou- 
pling. It was also possible to evaluate the typical dimensions 
of the coupled units. Nevertheless, and since the reduction of 
the magnetic anisotropy from the value obtained in the amor- 
phous precursor down to that obtained in the nanocrystalline 
alloy was not sufficient to account for the reduction of the 
coercive force accompanying the nanocrystallization, the en- 
hancement of the magnetic softness was proposed to be also 
linked to the decrease of the microstructure-magnetization 
interactions.3 On the basis of these interactions there is the 
magnetoelastic coupling, and therefore, a reduced magneto- 
striction value is considered to be a crucial property to 
achieve extremely soft magnetic behavior. 

In the present work, we report on the dependence of the 
effective magnetic anisotropy on the annealing temperature 
for nanocrystalline FeZrB(Cu) alloys. Our results will be 
correlated with the evolution of the saturation magnetostric- 
tion, Ks, during heat treatment. 

II. PREPARATION OF SAMPLES AND EXPERIMENTAL 
TECHNIQUES 

Amorphous alloys of nominal compositions 
Fe93_xZr7BxCu:y (x=6-8 and y = 0-2) were prepared by 

the single-roller melt-spinning method and were annealed 
under on Ar atmosphere for 1 h at temperatures ranging from 
480 up to 650 °C. 

The anisotropy field, Hk, associated with the effective 
anisotropy, Kef{, and the dispersion field, Hd, associated 
with the inhomogeneities of the magnetization distribution, 
were determined, both in the as-quenched and the treated 
samples, from measurements of the transverse biased initial 
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FIG. 1. (a) Temperature dependence of the anisotropy field of the samples, 
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FIG. 3. (a) and (b) Temperature dependence of the anisotropy field and the 
saturation magnetostriction of the Cu-containing samples. 

susceptibility, Xt-3 F°r that purpose the original ribbons (3 
mm wide, 20 mm thick) were cut by acid etching into disks 
having diameter 3 mm. 

The transverse biased initial susceptibility, Xt > was mea- 
sured by applying simultaneously a saturating dc field, Hi, 
along the directions of the easy and hard axes of the effective 
anisotropy and a small ac field, H2, directed perpendicular to 
H^. We measured the magnetization component parallel to 
H2 ■ The transverse biased initial susceptibility can be writ- 
ten as 

l/X, = //eff/Ms, (1) 

where Ms is the saturation magnetization and Hef{ is given 
by 

Hef{=H l + (-)Hk+Hd. (2) 

In (2) the plus (minus) signs stand for the cases in which the 
saturating field is applied along the easy (hard) axes. In order 
to identify the macroscopic easy (hard) axis of our samples, 
the transverse biased initial susceptibility was measured in 
all of them by applying the saturating field along different 
in-plane directions. The saturation magnetostriction was 
measured, at room temperature, by means of the strain 
modulated ferromagnetic resonance (SMFMR) method with 
the magnetic field parallel to the ribbon plane. 

III. RESULTS 

Figures 1(a) and 1(b) show the treatment temperature, 
Tmn, dependence of Hk and Hd, respectively, corresponding 
to all the samples studied. From our results it is apparent that 
the anisotropy field exhibited a minimum value (occurring at 

temperatures coinciding with those of the onset of the crys- 
tallization process). The minima measured in the Cu- 
containing samples coincide at 570 °C whereas that corre- 
sponding to the Cu-free sample is observed at 500 °C. 
Regarding the Hd results, it is important to remark that this 
parameter shows minima at temperatures coinciding with 
those observed in the Hk(TmD) curves. The very small Hd 

value obtained in the Cu-containing samples could result 
from strong intergranular exchange coupling promoted by a 
high degree of homogeneity of the grain size distribution. 

The micromagnetic analysis of the transverse biased ini- 
tial susceptibility results, allows a further quantification of 
the coupling between the microstructure and the magnetiza- 
tion. According to Hoffmann,4 the minor, Rqc, and major, 
Rmc, semiaxis of the elliptical regions in which the magne- 
tization is coupled, resulting in a reduction of the effective 
anisotropy, can be expressed as 

JV^fft/ffdrfffi+ (-)#*)] 

and 

Rmc-2 
_ o 3/2 j 1/2, 1/41 d1"A"V4MI[ö^1 + (-)fft)], 

(3) 

(4) 

where A is the exchange constant, H{ is the saturating field 
(our data were evaluated for an H1 value corresponding to 
30Hk), and d is the thickness of the samples. In Figs. 2(a) 
and 2(b) we present the annealing temperature dependence of 
Rqc and Rmc measured in the heat treated samples. Our re- 
sults are almost independent of the annealing parameters and 
composition, except for the fact that the Rmc values obtained 
in the Cu-containing samples are two orders of magnitude 
larger than those measured in the Cu-free sample. This result 
clearly shows that the intergranular exchange coupling, that 
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induces anisotropy averaging, is not the only source of the 
magnetic softening for these samples. In order to check the 
influence of the magnetoelastic coupling, we present in Figs. 
3(a) and 3(b) the evolution of the saturation magnetostriction 
constant with heat treatment temperature and, for the sake of 
comparison, that of the anisotropy field. As can be seen in 
these figures, the saturation magnetostriction decreases down 
to a minimum value coinciding with the minimum of the 
anisotropy field. Since these decreases take place simulta- 
neously with the bcc Fe precipitation, the soft magnetic char- 
acter should be related to the two-phase nature of the partly 
crystallized samples. 

IV. CONCLUSIONS 

The enhancement of the soft magnetic properties in the 
FeZrB(Cu) alloys occurs due to the combination of two fac- 
tors both of them associated with the onset of the nanocrys- 

tallization process: the low values of the effective anisotropy 
field and the decrease of the saturation magnetostriction. The 
intergranular coupling leading to the anisotropy reduction is 
clearly favored by the Cu addition, presumably due to the 
larger number of bcc Fe grains involved in the coupled units, 
compared with those present in the Cu-free sample. Opti- 
mum heat treatment conditions (540 °C, 1 h) result, in the 
case of the Cu-containing samples, in a large degree of in- 
tergranular coupling as evidenced [Figs. 3(a) and 3(b)] by 
the minimum value of the magnetization inhomogeneities 
related to the dispersion field. 
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Recent experimental data on the magnetization curve M(H) of magnetically soft nanocrystalline 
Fe73 5CuiNb3Si13 5B9 sample are analyzed in terms of the random anisotropy model. Numerical 
calculations of magnetization are supplemented by a high-field expansion. Near the saturation we 
get M(H)/MS= 1-4(K)2/(15M2H2), where (K) is the averaged anisotropy of crystalline grains, 
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the model approximations and to prepare the comparison with experimental results. In the two 
subsequent sections, the results of the calculations are described and discussed. © 1998 American 
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I. INTRODUCTION 

Nanocrystalline Fe-based materials are interesting for 
their superior magnetic softness.1 A prominent example of 
these materials is Fe73 5Cu1Nb3Si13 5B9 and their magnetic 
behavior can be explained by the random anisotropy model.2 

Their low coercive field («*1 A/m) and high initial perme- 
ability («lO5) are related to a new magnetic phase. More- 
over, new relations can be deduced2'3 between the magnetic 
properties of the system and its micromagnetic structure. 

The shape of the magnetization curve in 
Fe73 5Cu1Nb3Sii3 5B9 was investigated experimentally4 both 
for amorphous and nanocrystalline state. The relevant pro- 
cess of magnetization was the reversible rotation of magnetic 
moments. The results were fitted to the law 

M(H) = Ms(l-ai/H-a2/H2) + bH 1/2 
(1) 

The last term in Eq. (1) was responsible for a change of 
Ms and it was expected to be relevant in very high magnetic 
fields. The term a x IH was adscribed to macroscopic inho- 
mogeneities and it was expected to appear for fields below 2 
kOe. The constant a2 is known5 to describe the curvature of 
energy of local magnetic moments at the equilibrium direc- 
tion. In Ref. 4, a 2 was interpreted as due to magnetoelastic 
anisotropies of internal stresses. Thus a2 was expected to be 
proportional to the squared magnetostriction constant \s. 
This interpretation was based on the theory of stress fields of 
dislocation dipoles in amorphous systems.6'7 

We will demonstrate, that the term \IH2 is a direct con- 
sequence of the random anisotropy model.2,8 

II. PARAMETERS OF THE NANOCRYSTALLINE 
SYSTEM 

In Ref. 3, the size Lex of magnetic domains in soft mag- 
netic  phase  of Fe73 5Cu!Nb3Si13 5B9  is  of the  order of 

10 m, and the density of the magnetic anisotropy energy 
(K) of a magnetic domain is about 2 J/m3. So the energy of 
a virtual thermal excitation of a domain of the order of (K) 
XL3

X«* 12 eV, almost three orders of magnitude larger than 
the thermal energy at room temperature. 

For large domains, magnetic coupling between them is 
limited to domain surfaces and neglectable. The energy of a 
domain in its ground state is 

VE{6,(p) = {K)V sin2(0-<j>)-HMsV cos <p, (2) 

"'Electronic mail: wabroarg@scoxol.sc.ehu.es 

where (K) is the same as above, 8 the angle between a local 
easy axis of a magnetic domain and the applied magnetic 
field H, (p is the angle between the magnetic moment of the 
domain and the applied field, and V is the domain volume. 
Minimizing the energy £ as a function of cj>, we get the 
ground state value d>0 as a function of 6. Macroscopic mag- 
netic moment is the average (cos cp0) over all directions of 
the local easy axis. To avoid hysteresis and limit our consid- 
erations to reversible rotations of local magnetic moments, 
only positive contribution to magnetization is taken into ac- 
count. 

As we see, at T= 0 the only relevant parameter of the 
model is x = MsH/{K). 

After Ref. 3 we take Ms to be 1.2 T. For fields H «2 
kOe we get the Zeeman energy of the order of 105 J/m3. 
Note that in Ref. 4, measurements were performed for fields 
up to 60 kOe. As noted above, the local anisotropy energy 
for nanocrystalline grains is of the order of 2 J/m3. So x for 
the soft nanocrystalline phase is of the order of 105. 

For amorphous as-quenched state, internal stresses 
around 40 MPa9 combined with the magnetostriction \s 

= 20X10~6 produce anisotropy energy of the order of 
800 J/m3. Finally, for uncorrelated crystalline grains above 
the Curie temperature of the amorphous matrix, the local 
anisotropy energy of the grains is known3 to be about 
8000 J/m3. In all three cases, we obtain x above ten. 

0021-8979/98/83(11 )/6341 /3/$15.00 6341 © 1998 American Institute of Physics 
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Does the argument on the ground state of the beginning 
of this section hold for the as-quenched amorphous state? In 
this case, the exchange length Lam can be evaluated as 

Lam={2A/(3Ka)}m, (3) 

where A is the exchange stiffness of the order of 10" n J/m3. 
Keeping the above-noted value of 40 MPa for annealed 
samples, we get Lam«=T00nm, and the temperature neces- 
sary for thermal excitations of amorphous system of the or- 
der of A3/2/Ä:ß/(3Xo72)1/2=105 K. Obviously, this is much 
more than the Curie temperature for grains (about 880 K3). 

For the turning field Hx where the \IH2 law starts to be 
relevant was found to be 1 to 2 kOe nanocrystalline systems. 
For amorphous ribbons Hx is known to be 0.3 kOe. 

III. CALCULATIONS AND RESULTS 

After Eq. (2), with e=\lx the condition of the minimum 
of energy is sin </>o=esin[2(0-(/>o)]. For high magnetic 
fields, when x^ 10, small e, the angle between the magnetic 
moment of a domain and the applied magnetic field in the 
equilibrium, <f>0, is small and can be developed in e powers 

4>0=e sin(26»)-e2 sin(20)cos(2<2). (4) 

For T>0, the magnetization M(H) can be written as 

fir/2 flir 
sin dde\     d£{m{0,£J)), 

Jo Jo 
M(H)IMS=\I{2TT) sin 6d6 

to 
(5) 

where 

(m(0,£,T))=VZ\      sin (f>d<f>\     dip cos <f> 
Jo Jo 

Xtxp[-ßVE(6,C,(ß,ilf)], (6) 

the angles 6 and f denote the direction of a local easy axis, (f> 
and ifr denote the direction of a local magnetic moment, and 
Z is the partition function. For T=0, 

txV{- ßVE{6,l,ct>,ilj)-]= 8{ct>- 4>0)8{IIJ- o, (7) 

~2TT 

M(H)/MS= 1/(2 
f 7i72 

77) 
Jo 

sin dd 6\     d£ cos cf>0.      (8) 
lo 

Expanding cos ^Q^\ — (fy2 and substituting <^0=esin2<9 
[see Eq. (4)], we get 

M(H)/MS= 1 -4e2/15= 1 -4(K)2/(15M2
SH

2) (9) 

which is the \IH2 law, derived for high field and T= 0. 
A low-temperature approximation is also justifiable for 

soft nanocrystalline phase. For T+Q but very small (Sec. II), 
the deviations from the ground state are much smaller than 
the ground state angle <j>0. Thus 

M(H)/MS= 1 -A{K)2I{ 15MJH2) -3KBT/(2VMSH). 
(10) 

Equation (10) is valid if VMSH>V<K»KBT. As 
was justified in Sec. II. On the contrary, in the limit e-^0, 
f—>o°, te= const we get M{H)IMS= 1 -te+{te)2. How- 
ever, this limit is not appropriate for our system. 

FIG. 1. The coefficient a, (points) and its numerical error (dotted line), as 
dependent on the parameter x = MsHI(K). 

Numerical calculations on the curve M(H) for zero tem- 
perature show that the term \IH2 arises as soon as the value 
of the parameter x = MsHI{K) exceeds 2.0. 

This result can be shown in several different ways. In 
Fig. 1 we show the value of the exponent a, as defined in 
M{H) = Ms(\-alHa). In our numerical calculations, Ms 

- 1. The numerical error A a of a is due to the error AM of 
M, and we calculate it from Aa= A(M/My)/{[1 
-(M/Ms)]\n(H/H0)}, where H0 is a field unit. This result is 
included in Fig. 1. AM is determined numerically by varying 
the step of integration, and it is found to be 3 X 10"9. As can 
be seen in Fig. 1, the value a = 2.0 is the asymptotic one for 
large values of x. Simultaneously, the numerical error Aa 
exceeds 10~4 at JK200. 

Numerical calculations for T>0 contain triple integra- 
tion, and the accuracy for M(T,H) is near 10~4. Also, the 
exponential Gibbs factors in Eq. (6) disable the low tempera- 
ture range to be investigated numerically. Still, we have 
made an attempt to evaluate at and a2 of Eq. (1) as depen- 
dent on x for various temperatures. For T=0, the coefficient 
ax is found to be maximal near x=l, and above x = 3 its 
absolute value is less than 2X10-2. The coefficient a2 in- 
creases with x from zero to a maximum value near x = 2.0, 
and then it decreases to about 0.27. Analytical calculations 
give the asymptotic value a2 = 4/15 = 0.266(5) for large x 
[Eq. (10)]. For T>0 the plots of ax(x) and a2(x) are 
smoother. The results are given in Figs. 2(a) and 2(b). 
Clearly in Fig. 2(b), the coefficient a2 is close to a constant. 
Numerical calculations for ay (checked from f = 0.03 to 
0.066, t being KBTI(K)V), yield ax = KBTIVMsH. In Eq. 
(10), ax = 7>KBTI2VMsH. It is possible that this change of 
the coefficient occurs in the range of lower temperatures, 
which cannot be captured numerically. 

In Fig. 3, numerical plots are shown of y = x2[l 
—M(x)] for different temperatures. As we see, the values of 
y below x*=>2 and the value of x, where the \IH2 law starts 
to be valid, do not depend on temperature. 

IV. DISCUSSION 

In the nanocrystalline state, the magnetostriction is 
known3 to be reduced by at least a factor of 4, if compared 
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FIG. 2. The coefficients (a) a,, (b) a2 as dependent on x, calculated nu- 
merically for various temperatures. Temperature is expressed as t 
= kBTI{K)V. The plots are: (•) ( = 0, (+) (=0.028, (O) ( = 0.33, (♦) t 
= 0.04, (X) ( = 0.05, and (V) ( = 0.066. Guide-eye solid line is drawn 
through the points for ( = 0. Note that for (AT) = 2.7 J/m3 and V= 10"18 m3 

the value ( = 0.028 means that 7= 5400 K. 

with that for the amorphous matrix. It was pointed out in 
Ref. 4, that if the coefficient a2 from Eq. (1) is proportional 
to the second power of the magnetostriction, it should be 
much smaller for the nanocrystalline state. Experimental data 
show that this coefficient is only twice smaller than that for 
the as-quenched amorphous sample. 

We think a2 for amorphous and nanocrystalline samples 
are of different origin. In amorphous systems, the fluctua- 
tions of local magnetic anisotropy are due to local stresses 
and the magnetoelastic coupling. On the contrary, in soft 
nanocrystalline phase the local magnetic anisotropy is due to 
crystalline grains of bcc-FeSi, and it is partially averaged out 
within magnetic domains.2 The experimental value of a2 is 
about 2X 10"4 Oe2.6 With this result and Eq. (10), we get 
{K)*°* 2.7 J/m3, close to the value 2 J/m3, accepted for the 

0 10 

soft nanocrystalline phase. 

FIG. 3. The quantity x2[l -M{x)~\ as dependent on x for various tempera- 
tures t=kBTI{K)V. The plots are: (•) (=0, (+) ( = 0.028, (O) ( = 0.33, 
(♦) (=0.04, (X) ( = 0.05, and (V) ( = 0.066. Guide-eye solid line is drawn 
through the points for (= 0. 

On the contrary, if we apply Eq. (10) to an amorphous 
as-quenched system, we get the local anisotropy 3/2 \(cr) 
near 4 J/m3. Keeping \ = 20X 10~6, we get the average am- 
plitude of stress to be about 0.1 MPa, which is more than two 
orders of magnitude smaller than the values in Ref. 9. 

The experimentally observed value of the coefficient a x 

for the soft nanocrystalline phase was 4 to 5 X 10~3 Oe. As 
it was pointed out in Ref. 3, the origin of the \IH term is due 
to macroscopic inhoniogeneities. Substituting V=Lex into 
Eq. (10), we get the coefficient ax much smaller than the 
experimental value. The IIH term of Eq. (10), if observed 
experimentally for nanocrystalline phase, should be only a 
small correction to the contributions of other effects. 

In conclusion, the \IH2 law of approach to the magnetic 
saturation, which was observed in the soft nanocrystalline 
phase of Fe73 5Cu1Nb3Sii3 5B9, can be entirely assigned to 
the FeSi crystalline grains. The coefficient a2 is found to be 
temperature independent, as it was shown experimentally. 
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the computation of magnetostatic fields in media such as magnetic tapes or thin films. The 
asymptotic number of arithmetic operations is optimal and proportional to the number of nodes in 
the finite element mesh. Unlike the fast Fourier transform, MP are applicable to irregular meshes. 
Local (adaptive) mesh refinement can be implemented by switching to the hierarchical basis. 
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I. INTRODUCTION 

Magnetization of media in micromagnetic problems is 
usually simulated by minimizing the sum of the magneto- 
static energy, the exchange energy, the anisotropy energy, 
etc. Calculation of the magnetostatic field is the crucial stage 
of the overall numerical process of energy minimization. The 
objective of this study is to develop efficient magnetostatic 
field algorithms for micromagnetic simulations. The focus is 
on media such as magnetic tapes or thin films where the 
nonuniform arrangement of the magnetic particles or grains 
is of particular interest. 

Various linear system solvers are currently in use in 
magnetostatic finite element (FE) analysis.13 The incomplete 
Cholesky conjugate gradient (ICCG) method9 is probably the 
most popular among iterative methods. Direct methods, such 
as nested dissection5 (ND) or quotient minimum degree,5 for 
two-dimensional (2D) problems are usually faster13 and 
more robust than ICCG. Linear 2D magnetostatic problems 
of moderate size (say, up to 10 000 unknowns) can be solved 
easily using either of the methods mentioned. 

However, performance of these methods deteriorates, es- 
pecially in three-dimension (3D), when finite element 
meshes are refined and thus the number n of unknowns in the 
system increases. The number of arithmetic operations for 
ICCG and ND grows as n3/2 in 2D and as nm and n2, 
respectively, in 3D. 

Multigrid methods are asymptotically much faster. Typi- 
cally for these methods, the number of arithmetic operations 
per unknown is independent or almost independent of the 
size of the linear system being solved. This behavior is on a 
par with the fast Fourier transform (FFT) and the Greengard- 
Rokhlin multipole method.6 FFT, however, is applicable 
only to regular FE meshes (or a spatially uniform particle 
arrangement),16 while multigrid methods can be applied to 

arbitrary tetrahedral meshes. Comparison with the multipole 
method is interesting and is planned for future work. 

II. THE MAGNETOSTATIC MULTIPARTICLE PROBLEM 

The magnetic scalar potential u of a system of magne- 
tized particles satisfies the Poisson equation 

Au = V-M, (1) 

where M is the magnetization vector. For the purpose of 
computing the magnetostatic field, the magnetization of each 
of the particles is assumed to be known. Particles may have 
arbitrary orientation in space and, in principle, arbitrary 
shapes, although practical restrictions may be imposed by the 
capabilities of an FE mesh generator. The direction of mag- 
netization may also be arbitrary. 

In the weak (variational) form Eq. (1) can be written as 

a(u,u') = (Vu,Vu') = (M,Vu'), (2) 

where the angle brackets denote an L2-type inner product of 
two vector functions in a given computational domain fl, 
and u' is an arbitrary trial function from the appropriate 
Sobolev space. Different types of boundary conditions can 
be considered with Eqs. (1) or (2); for unbounded problems, 
the potential is assumed to be zero at infinity. 

The FE method has already been successfully applied to 
multiparticle problems by Koehler, Yang, and Fredkin,1'2'8 

but multigrid solvers have not been tried. 

III. MULTILEVEL PRECONDITIONERS 

The Bramble-Pasciak-Xu (BPX) multilevel precondi- 
tioners (MP) 4,14,15,18,12 are among the least restrictive and the 
most efficient multigrid methods. The method is applicable 
to 2D and 3D magnetostatic problems (and to linear elliptic 
problems in general) and is suitable for highly irregular 
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FIG. 1. Mesh generation. 

meshes and inhomogeneous materials. For the magnetostatic 
multiparticle problem on a mesh with n nodes, the 
asymptotic number of arithmetic operations for BPX-MP is15 

0(n). In addition, the BPX preconditioner is a double sum 
which can be computed in parallel. 

A few levels of nested tetrahedral meshes are generated. 
In the simplest case of global refinement, each of the tetra- 
hedral elements is subdivided into eight tetrahedra, thus ob- 
taining the next level of triangulation. Associated with each 
level k (fc=l,2,... ,m) is a set of FE basis functions ip\^ {i 
= 1,2,...nk), where nk is the number of nodes at level k, and 
a finite dimensional space Pk (of dimension nk) spanned by 
these basis functions. Then PlGP2C...CPm. 

One of the simplest versions of the BPX preconditioner 
can be written as follows 14,4 

k=\ 

3.00 

2 (r,tik) 
1 = 1 

m m reP„ (3) 

0.00 I      I      I      I      I      I 

1.00 2.00 0.00 1.00 2.00 3.00 

FIG. 2. Lines of equal scalar magnetic potential of one particle. 

0.50 

0.00 

-0.50^ 

j—i—i—i—i- 
2.00 3.00 

FIG. 3. Exact and multigrid solutions for one particle. (Tetrahedral mesh 
with over 600 000 elements.) 

For the Poisson equation, the conjugate gradient method with 
the preconditioner B requires only 0(1) iterations to con- 
verge and 0(n) arithmetic operations. For inhomogeneous 
problems and/or highly irregular grids the preconditioner B 
in Eq. (3) needs to be modified, as proposed by Yserentant18 

and further explained by Bornemann et al? 

m    "k      (r ib(k)) 
1 '*       -#>, (4) Br=A r+y y 

where the operator A0 corresponds to the FE representation 
of the bilinear form a(u,u') on the coarsest mesh. 

Adaptive refinement of the FE mesh may be needed to 
achieve the desirable accuracy of the numerical solution. 
Two main problems arise in connection with such refine- 
ment. First, if one of two elements having a common bound- 
ary is refined, the FE basis becomes nonconforming and the 
continuity of the solution must be explicitly imposed. Sec- 
ond, effective error estimates are needed in order to deter- 
mine where the local refinement is needed. 

Both of these problems can be solved simultaneously by 
using hierarchical FE bases,17 as proposed by Mitchell10 and 
Rüde.11 By setting the hierarchical basis value of an FE 
function at nonconforming ("slave") nodes to zero, the con- 
tinuity of the function can be assured. At the same time, the 
hierarchical basis representation provides means of error es- 
timation and control. The method is known as "fully adap- 
tive multigrid" (FAM).10'11 

TABLE I. Number of iterations and solution time for the problem with one 
particle. 

Level of Number Number of Solution time 
refinement of elements iterations" (seconds)11 

0 162 7 <1 
1 1296 25 <1 
2 10 368 40 <1 
3 82 944 56 8 
4 663 552 78 88 

"The norm of the residual was reduced by a factor of 10—5. 
"The computations were performed on a personal computer with a Pentium 
II 300 MHz processor and 64 M RAM. 
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FIG. 4. The scalar magnetic potential for a model problem with three mag- 
netized particles. 

Our implementation of the multigrid algorithm is based 
on the BPX preconditioner transformed to the hierarchical 
basis. This approach combines the high convergence rate of 
BPX with the flexibility of local refinement provided by 
FAM. Representation of the magnetic scalar potential in the 
hierarchical basis ensures the continuity of the potential over 
nonconforming tetrahedral elements. In order to combine the 
hierarchical basis representation essential for FAM with 
BPX-MP, all vector variables and the BPX preconditioner 
are converted into the hierarchical basis. 

IV. TESTING THE METHOD 

Several test problems with magnetized particles were 
solved. To simplify mesh generation, the particles were con- 
sidered to be parallelepipeds oriented parallel to the xy plane. 
The mesh initially consists of a set of prisms which are then 
subdivided into tetrahedra (Fig. 1). 

The problem is solved on the finest mesh; the auxiliary 
coarser levels are needed only to construct the precondi- 
tioner. Since the domain properties are homogeneous (the 
Poisson equation is being solved), coarser meshes need not 
represent the exact geometry of the particles; rather, finer 
levels can be adaptively adjusted to the shape of the par- 
ticles. (However, our current mesh generator exactly repre- 
sents the geometry starting from the coarse mesh level.) Re- 
sults for two of the model problems are presented below. 

Problem 1. The main purpose of this test example was to 
compare the FE-multigrid solution with the analytical one. A 
cubic particle in free space is magnetized along the x axis. 
The analytical solution for the magnetic scalar potential is 

u{r) = (\l4Tr)Ss(NTds'l\r-r'\). In FE analysis, the do- 
main was bounded and homogeneous Dirichlet conditions 
were imposed on the boundary. The lines of equal magnetic 
potential are shown in Fig. 2. The magnetic potential distri- 
bution along the central line of the domain is shown in Fig. 
3. The computational statistics are shown in Table I. 

Problem 2. Three particles are magnetized along their 
axes (Fig. 4). Homogeneous Dirichlet boundary conditions 
are imposed on the external boundary. Computational statis- 
tics are shown in Table II. 

Tsukerman, Plaks, and Bertram 

TABLE II. Number of iterations and solution time for the problem with 
three particles. 

Level of 
refinement 

Number of 
elements 

Number of 
iterations" 

Solution time 
(seconds)6 

1296 8 1 
10 368 25 1 
82 944 38 6 

663 552 50 62 

aThe norm of the residual was reduced by a factor of 10-5. 
bThe computations were performed on a personal computer with a Pentium 
II 300 MHz processor and 64 M RAM. 

V. FUTURE WORK 

The multigrid solver is to be incorporated into the over- 
all micromagnetic simulation process. A straightforward ap- 
proach would be to use the BPX preconditioner within the 
usual iterative procedure of minimizing the free energy. 
Whether or not energy minimization can be more fully inte- 
grated in the multigrid method remains an open question. 

For open boundary problems, the modification of the 
multigrid method proposed by Hsiao and Zhang7 is promis- 
ing. The asymptotic number of arithmetic operations remains 
the same as in a bounded problem. Comparison with the 
Greengard-Rokhlin fast multipole method, which has similar 
asymptotic characteristics, would be interesting. 

It is anticipated that a posteriori error estimates will be 
implemented and used in the mesh refinement process. 

VI. CONCLUSIONS 

Magnetostatic fields in micromagnetic simulations are 
efficiently computed using multilevel preconditioners. A fi- 
nite element problem with half a million elements can be 
solved in about a minute on a modern personal computer. 
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Modified scalar potential solution for three-dimensional magnetostatic 
problems 
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I. D. Mayergoyz 
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A novel three-dimensional magnetostatic solution based on a modified scalar potential method has 
been developed. This method has significant advantages over the traditional total scalar, reduced 
scalar, or vector potential methods. The new method was successfully applied to a 
three-dimensional geometry of an iron core inductor and a permanent magnet motor. The results 
obtained are in close agreement with those obtained from traditional methods. © 1998 American 
Institute of Physics. [S0021-8979(98)38411-X] 

I. INTRODUCTION 

Solutions for two-dimensional magnetostatic field prob- 
lems using a vector potential have been extensively reported 
in the literature.1 However, there is a need for a computa- 
tionally robust method particularly for three-dimensional 
field problems. Total scalar and reduced scalar2'3 potential 
solutions, and to a lesser extent three-dimensional vector 
potential4 solutions, or a combination of scalar and vector 
methods,5 have been presented by researchers. The scalar 
potential solutions do not suffer from the uniqueness prob- 
lem that are encountered in the vector potential methods, 
although elaborate vector potential schemes of overcoming 
this difficulty have been described in the literature. The re- 
duced scalar potential method allows current sources to be 
accurately represented and has, thus, found a wider applica- 
tion than the total scalar method because of the limitations of 
current sheet representation of sources and the need for 
branch cuts in the latter. However, even in the traditional 
reduced scalar potential method, the forcing function is 
evaluated over the entire solution domain and the zero diver- 
gence of the magnetic field due to current sources in free 
space is needlessly implemented resulting in numerical er- 
rors. 

In this article, a three-dimensional modified scalar poten- 
tial solution is described which minimizes numerical inaccu- 
racies. In the new method, the forcing function is evaluated 
only in the iron region, and the zero divergence of the source 
magnetic field is eliminated from the computation. 

II. THEORY 

The fundamental theory behind the new method has 
been presented in an earlier paper,6 but is summarized here 
for completeness. 

Since magnetic induction is divergence-free, the follow- 
ing equation may be writen in terms of a reduced scalar 
potential formulation 

V.[MHc-V*)] = 0, 

a'Electronic mail: sivask@rpi.edu 
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(1) 

where Hc is the magnetic field due to current sources (i.e., 
the rotational part of H), $ is the scalar potential, /x is the 
permeability, and /J,0 is the free space permeability. 

Since Hc is divergence-free in free space, 

V.(/to#c) = 0. 

Subtracting Eq. (2) from eq. (1), 

V.[(A6-/i0)Hc]-V.(MVO) = 0. 

(2) 

(3) 

Applying the Galerkin weighted residual process to Eq. 
(3) using shape functions £k(k= 1,2,...,«), 

h iv- I 
J V 

^.[(fi-fi^H^dv-     ^V.(/iV*)di; = 0.       (4) 

This equation can be solved using the traditional finite 
element formulation for three-dimensional problems. 

III. THREE-DIMENSIONAL APPLICATION TO AN 
IRON-CORE INDUCTOR 

Figure 1 shows an octant of an iron core inductor excited 
by a current source (not shown in the figure) surrounding the 
central limb. The field Hc due to this current source is evalu- 
ated by Biot-Savart law separately. Equation (5) was solved 

6347 

FIG. 1. Iron core inductor. 

© 1998 American Institute of Physics 
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FIG. 2. Flux density variation along X-X. 

using a nonlinear finite element procedure with second-order 
isoparametric bricks. The field in the iron core was then 
computed as the sum of Hc and the negative gradient of the 
solution 4>. The flux density variation along X-X, obtained 
by this procedure is illustrated in Fig. 2. 

IV. PERMANENT MAGNET FORMULATION 

The flux density, B, the magnetizing force H and the 
intrinsic magnetization, M, of a permanent magnet material 
are related by 

B = fiH+^0M0. (5) 

Since H=HC-V<&, Eq. (5) can be written as 

B = rtHc-VQ) + tioMo. (6) 

Taking the divergence on both sides of Eq. (6), and set- 
ting it to zero yields 

V.Ä = 0 = V./i(äc-V*) + V.(/i0ÄJo). (7) 

Also, 

V.(fi0Hc) = 0. (8) 

Substituting Eq. (8) into Eq. (7), as before, gives 

V.[(^-^0)Hc]-V.(/aV<D) + V.(/ioM0) = 0. (9) 

The weighted Galerkin formula yields 

[ tkV.[(fi-fi0)Hc]dv- f £k(V.fiV<l>)dv 
J V J V 

+ I {kV.(fj,oM0)dv = 0. 
J V 

(10) 

Equation (10) is then solved by the three-dimensional 
finite element method in the traditional manner. 

V. THREE-DIMENSIONAL PERMANENT MAGNET 
APPLICATIONS 

Figure 3 shows a three-dimensional section of a six-pole 
permanent magnet motor. The rotor poles are of linear per- 
manent magnet pieces, and the stator is of conventional de- 
sign with one conductor per slot. The flux path is shown in 

FIG. 3. Permanent magnet motor under no-load condition. 
1 
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FIG. 4. Airgap flux density (no load). 

FIG. 5. Hc—Flux due to current sources without effect of iron. 

FIG. 6. Flux due to permanent magnet. 
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FIG. 7. Airgap flux density under load (directly demagnetizing case). 

the figure by arrows representing the magnetic field intensity 
vectors. The flux density profile in the airgap is illustrated in 
Fig. 4 for the open circuit condition. 

The short circuit condition with stator currents directly 
demagnetizing the rotor field is illustrated by the flux pattern 
in a cross section as shown in Figs. 5 and 6. The correspond- 
ing flux density variation in the airgap is given in Fig. 7. 

The potentials obtained from these solutions are then 
used to compute eigineering quantities like forces and induc- 
tances. 

VI. CONCLUSIONS 

An economical and efficient method for solving three- 
dimensional magnetostatic problems has been developed. 
The method has been applied to solve various three- 
dimensional problems including permanent magnet applica- 
tions. The new method minimizes numerical inaccuracies by 
implementing the zero divergence of Hc only in the iron 
parts. It also reduces the amount of computation necessary to 
solve the problem. 
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Numerical simulation of the magnetization structures in thin polycrystalline 
films with the random anisotropy and intergrain exchange 

D. V. Berkova) and N. L. Gorn 
INNOVENT e.V., Göschwitzer Str. 22, D-07745, Jena, Germany, and Institute of Physical High 
Technologies, Helmholtzweg 4, D-07743, Jena, Germany 

We have developed a new algorithm which enables a fast and exact evaluation of the dipolar 
interaction field for lattice systems of magnetic moments when periodic boundary conditions should 
be applied. The method uses the combination of (i) the fast Fourier transformation technique for the 
dipolar field evaluation and (ii) the modified version of the Ewald method known from the 
calculations of the Coulomb lattice sums. The algorithm enabled us to perform large-scale numerical 
simulations of the remagnetization processes in polycrystalline thin magnetic films with the random 
single-grain anisotropy and the intergrain exchange. The well known ripple-like structures forming 
during the remagnetization process were observed. The dependence of the ripple correlation lengths 
and the hysteresis loop parameters on the intergrain exchange coupling and the film thickness was 
studied.   © 1998 American Institute of Physics. [S0021-8979(98)23411-6] 

I. INTRODUCTION 

The most time-consuming part of any micromagnetic al- 
gorithm for the simulation of the equilibrium magnetization 
structures — including simulations of the quasistatic remag- 
netization processes — is the calculation of the dipolar inter- 
action field (also called the demagnetizing or stray field) due 
to its long-range character.1-5 For finite samples or aperiodic 
magnetization structures with fixed boundary conditions, the 
application of the convolution theorem allows the usage of 
the fast Fourier transformation (FFT) technique with zero 
padding1'2 resulting in the operation count ~N log N (where 
iV is the total number of lattice sites or discretization cells), 
which is only slightly worse than for systems with the short- 
range interaction. However, in lattice systems with periodic 
boundary conditions direct application of the convolution 
theorem is not possible due to the already mentioned long- 
range character of the dipolar field. Various methods were 
suggested to overcome these difficulty,3-6 but all of them 
encounter serious problems: (i) cut-off of the dipolar inter- 
action at some prescribed distance5'6 can be applied only to 
2D models and introduces small but significant errors which 
can strongly influence the result especially in low external 
fields (see below); (ii) the so called hierarchical model4 suf- 
fers from the same drawback and, in addition, its implemen- 
tation is quite complicated; (iii) direct solution of the Poisson 
equation for "magnetic charges"3'7 enables to calculate the 
Fourier components of the dipolar field analytically, but the 
cut-off of the corresponding Fourier spectrum — even at 
arbitrary large frequency — introduces strong artificial oscil- 
lations into the calculated dipolar field, because Fourier com- 
ponents of, e.g., the stray field of the point dipole do not tend 
to zero for large wave vectors. 

In this contribution we propose a method which com- 
bines advantages of the FFT technique for the computation 
of the long-range interaction field (~N\ogN operation 

count) and of the Ewald method normally used for the cal- 
culation of the lattice sums for the Coulomb potential (the 
error by the field evaluation may be reduced to a vanishingly 
small value with only a minor — of order ~N — computa- 
tional effort). Thus we obtain an algorithm which allows fast 
and exact evaluation of the dipolar interaction field in lattice 
systems with periodic boundary conditions. 

II. METHOD FOR THE DIPOLAR FIELD EVALUATION 

We are going to calculate the stray field created by the 
lattice of point-like dipoles. Following the basic idea of the 
Ewald method,8'9 we add and subtract at each lattice node 
rij—(iJ) (which carries the dipole moment /*,-,) an artificial 
"Gaussian dipole" with total moment - fijj and "magnetic 
charge'' density given by 

Py(r) = 
S{z) 

3/2 5[(*~*iy)*4+(y-y.vW;] 

Xexp 
(r-r,7)

2 

2a1 (1) 

where the choice of the "dipole width" a will be discussed 
elsewhere.10 The charge density of the system can then be 
written as the sum p(r) = pA(r) + pB(r), where the first part 

N  ,N . N .,N 

PAW= %J [ftrV5(r-ry)]+ %' pjj(r) (2) 
•V=l U=l 

"'Electronic mail: DBerkov@t-online.de 

is the sum of the point dipoles [p(r) of the initial system] 
and the contribution of the "negative" Gaussian dipoles (1). 
The second part 

Nx,Ny 

PB(*)=- 2   Py(r) (3) 

represents the density of the "positive" Gaussian dipoles 
which should cancel the second sum in Eq. (2). 

0021 -8979/98/83(11 )/6350/3/$15.00 6350 © 1998 American Institute of Physics 
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The advantage of this transformation is the following. 
For the first part, pA(r) the total moment attached to each 
lattice site is zero, because the total moment of the negative 
Gaussian dipole—[itj exactly compensates the moment of 
the corresponding point dipole of the initial system fi^. 
Hence the field created by magnetic charges of this first part 
pA(r) associated with each lattice site tends to zero faster 
than exponentially [to be more precise, as exp(-r2/2a2)] and 
may be treated as a short-range interaction field, so it can be 
evaluated in ~N operations for the whole lattice. On the 
other hand, the second part pB(r) of the charge density is 
smooth, because it is given not by the point dipoles, but by 
the smooth Gaussian distribution at each lattice site. This 
means that the field created by pB(r) can be safely calculated 
using the solution of the corresponding Poisson equation and 
the FFT technique (see Introduction). Further details of the 
method will be reported elsewhere 

K=0 K = 0.05 

10 

III. NUMERICAL SIMULATIONS 

We consider a thin magnetic film consisting of single- 
domain grains (crystallites) with saturation magnetization 
Ms forming a 2D hexagonal lattice. The magnetization M,- 
inside each grain (cell) is assumed to be homogeneous, and 
hence is completely described by the unit vector 
mpMj/Mj. To calculate the equilibrium magnetization 
structure for the given external field we minimize a total 
system energy E taking into account, as usual, four energy 
contributions: (i) energy in the external field, (ii) energy due 
to the exchange between the neighboring crystallites, (iii) 
single-crystallite magnetic anisotropy energy and (iv) stray 
field energy: 

M?Vn 
2 m,h0- 

C exch 

2M2
sV0{u) 

m,m, 

*2(m,.n,-)2-T2m,.hfm, 
M 

(4) 

where V0 is the cell volume, reduced fields are defined as 
h=WMs, K is the anisotropy constant. The constant Cexch 

which characterizes the strength of the exchange interaction 
can be evaluated from the exchange stiffness of the bulk 
material A, the hexagonal cell side b, the intergrain separa- 
tion <5, the film thickness d, and the exchange weakening K 

on the grain boundaries using the method described, e.g., in 
Ref. 11: Cexch= K-AbdIS; in the exchange term the sum is 
taken over the nearest neighbors (ij) only. Random space 
orientation of the crystallite anisotropy axes n, and periodic 
boundary conditions are assumed. To minimize the energy 
(4) we have used the simplest version of the relaxation 
method described in Ref. 2. 

Numerical simulations which results are presented below 
were performed for a system with magnetic parameters cor- 
responding to Co films (A = 10" 6 erg/cm, Ms= 1400 emu/cc, 
K=4X106 erg/cm3), film thickness d=10 nm (when not 
stated otherwise), hexagonal cell side b = 5 nm, intergrain 
boundary thickness 8= 1 nm. The magnetic structures shown 
in Fig. 1 and Fig. 4 are NxXNy=64X 128 cuts out of a 
lattice with 128X256 cells actually simulated (physical sys- 

K = 0.1 K = 0.2 

FIG. 1. Magnetization configuration (m^-gray-scale maps) of the thin film 
near the coercivity for various exchange weakening degrees K as indicated 
in the figure. 

tern size »1.1 X 1.9 /mi). All simulations were performed on 
the IBM Pentium PC 133 MHz. A typical run for a complete 
hysteresis loop ( — 40 values of the external field, ~2X 104 

iterations totally) took about 10 hours. 

IV. RESULTS AND DISCUSSION 

Due to the limited paper length we present here in some 
detail only the dependence of the system behavior on the 
exchange coupling strength Cexch. Figure 1 demonstrates the 
magnetization structures at the coercivity point obtained by 
the simulation of the hysteresis loops for thin films with 
various values of the exchange weakening on the grain 
boundaries K as indicated in the figure (/c = 0 means ex- 
change decoupled grains, whereby, e.g., K = 0.1 means that 
the exchange through a grain boundary is 10 times weaker 
than in the bulk). Initial direction of the external field was 
chosen parallel to the y direction in Fig. 1). The gray-scale 
map is used to present the x projection of the magnetization 
vectors -KmI<l,so Fig. 1 is supposed to simulate a stan- 
dard Kerr-microscopy image. As expected, the average scale 
of the observed ripple structure (with stripes mostly perpen- 
dicular to the initial field direction) increases strongly with 
the exchange coupling at grain boundaries. 

FIG. 2. Dependencies of the average ripple wavelength X and the transverse 
correlation length L, on the exchange weakening K (statistical errors, where 
not shown, are smaller than the symbol size.) 
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FIG. 3. Dependencies of the reduced remanent magnetization jR and the 
coercivity hc on the exchange weakening K. 

To investigate this dependence qualitatively, we have 
studied the average ripple wavelength X and the transverse 
correlation length of the m^-component L, (defined as the 
decay distance of the spatial m^-correlation function in the 
direction perpendicular to the external field) as functions of 
K. Corresponding dependencies are shown in Fig. 2. The 
growth of both correlation lengths with the exchange cou- 
pling is evidently faster than a linear one predicted by the 
linear and even by the nonlinear ripple theories (see, e.g., 
Ref. 12). 

The exchange dependence of the most important hyster- 
esis loop parameters — reduced remanent magnetization 
jR = Mz(H = 0)/Ms and reduced coercivity hc = Hc/Ms — is 
presented in Fig. 3. First of all, we point out that the rema- 
nence jR for low exchange coupling differs significantly 
from that obtained using the cut-off method5'6 and the hier- 
archical model.4 This discrepancy is probably due to the 
small errors introduced by these both latter methods. Indeed, 
performing special test runs we have found that adding ran- 
dom errors with the relative magnitude ~ 0.01-0.02 to the 
exact stray field values evaluated by our method leads to a 
significant increase of the remanence especially in the case 
of small exchange coupling where the dipolar interaction is 
of a major importance. The second difference with the 
known results4-6 is the stronger decrease of the coercivity for 
large values of the exchange coupling obtained in our simu- 

FIG. 4. Remanent magnetization states shown as m t-gray-scale maps for 
various film thicknesses d as indicated in the figure. 

lations which may be due to the much larger system size 
used by us. Namely, large correlation lengths occuring for 
strong exchange couplings (see Fig. 2) may lead to substan- 
tial finite-size effects for smaller system sizes. 

We have also studied the dependence of the parameters 
discussed above on the film thickness d. Remanent magne- 
tization states obtained for various film thicknesses are 
shown in Fig. 4. Here we would like only to point out that 
for a very thin film (where the intergrain interaction is almost 
negligible) the almost random magnetization pattern is 
formed (see image for d=l nm) whereby for the thicker 
films the ripple structure became more and more pro- 
nounced. Detailed results of these studies, discussion of their 
relation to the available experimental data and of the appli- 
cability of our method to numerical simulations by finite 
temperatures will be presented elsewhere.10 
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Finite element analysis of the influence of a fatigue crack on magnetic 
properties of steel 

Y. Shi and D. C. Jiles 
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Fatigue can affect the magnetic properties of materials due to microstructural changes. Previous 
investigations have shown that several structure sensitive magnetic properties, such as coercivity Hc 

and remanence Br, changed systematically as a result of fatigue. When approaching failure the 
accumulated changes in microstructure resulted in the occurrence of fatigue cracks and the magnetic 
properties showed dramatic changes which mainly resulted from the geometrical changes in samples 
due to the cracks. It was found that the remanence Br followed the changes in stress, while the 
coercivity Hc sometimes showed different trends. In this article the influence of the size and the 
position of a fatigue crack on magnetic field and magnetic induction were studied using finite 
element modeling. Models were constructed to simulate the geometry of the test sample and sensor. 
It was found that, for a given coil current in the exciting coil, the magnetic induction was mainly 
determined by the geometry of the crack, while the magnetic field was influenced by both the size 
and the position of the crack.   © 1998 American Institute of Physics. [S0021-8979(98)50711 -6] 

I. INTRODUCTION 

In recent years there has been increased interest in cor- 
relating magnetic properties of ferromagnetic materials with 
their mechanical properties.1'2 The evolution of the magnetic 
properties during fatigue is of particular interest because of 
the relation between the fatigue and magnetic properties of 
materials.3"5 It has been shown that the measured magnetic 
properties change systematically throughout the fatigue life- 
time. When approaching failure, the cumulative stress results 
in the occurrence of cracks, which normally start from the 
outer surface. After cracks appeared there was little overall 
change in the microstructure of the materials because most 
stresses then concentrated at the tip of the crack and the main 
change subsequently was the growth of the crack. During 
this period, the corresponding changes of magnetic proper- 
ties mainly resulted from geometrical changes in the samples 
because of crack growth. It was found during this period that 
the remanence Br still depended primarily on the crack ge- 
ometry although the coercivity Hc sometimes showed differ- 
ent trends. 

To explain the above observations magnetic finite ele- 
ment modeling (FEM) work was conducted to establish the 
relation between the fatigue crack geometry and the sur- 
rounding magnetic field distribution. Finite element analysis 
techniques, although yielding only approximate solutions to 
the classical partial differential equations of the electromag- 
netic field, are particularly attractive for the study of field 
distribution within magnetic structures having complex 
boundary configurations. This property makes the method 
very suitable for the analysis of the interaction between the 
magnetic field and defects within materials, and thus it has 
been applied to magnetic leakage field inspection6"8 and 
creep damage detection.9 In this article, it is shown that the 
method can be extended to fatigue analysis. 

II. FINITE ELEMENT MODELING 

The general geometry of the FEM solid model is shown 
in Fig. 1. The shape of the fatigue sample on which experi- 
mental measurements were made was a cylindrical rod which 
was subjected to a uniaxial cyclic stress. An inductive mag- 
netic sensor consisting of a search coil wound on a magnetic 
C core was used to measure the magnetic properties of the 
sample during the fatigue lifetime. The magnetic field was 
measured using a Hall probe which was located at the center 
of the C core and on the surface of the sample. Magnetic 
induction was measured using a detection coil which was 
wound on the core of the sensor. To simplify the modeling 
two-dimensional representations were constructed to simu- 
late the geometry of the sample and sensor. The magnetic 
field values were calculated at the location of the Hall probe 
and the magnetic induction values were calculated from the 
throughout the volume of the detection coil. 

The amplitude of the excitation current was small 
enough that the sensor operated in the low field hysteresis 

hi = Wi = 6.35 mm, h2= w2= 12.7 mm 

FIG. 1. Geometry for the finite element model calculation. 
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6354        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Y. Shi and D. C. Jiles 

)     «.Ok 

Dinwios MKWMD crack md probe 
—n—Omm 

O      1 
A    2 mm 

a^'S 

0 12 3 4 5 1 
Cnck depth (mm) 

FIG. 2. Calculated magnetic field H vs crack depth in the position with the 
crack on the side of the specimen facing the C core and positioned at the 
center of the sensor. 
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FIG. 3. Calculated magnetic field H vs crack depth in the position with the 
crack on the side of the specimen facing the C core and positioned away 
from the center of the sensor. 

region which can be considered as approximately linear. So 
the magnetic properties of the sensor material were assumed 
linear to simplify the problem. However, nonlinear B-H 
data, which were measured experimentally, were used for the 
sample material, because different regions would have dif- 
ferent magnetic states during fatigue after the crack gener- 
ated. 

The vector potential formulation was employed to con- 
duct calculations.10 With this method it is possible to calcu- 
late the flux passing through a predefined line contour. At 
first calculations were conducted to determine the magnetic 
field distribution of the whole system for different crack 
sizes and positions under a fixed excitation current. Then the 
magnetic field value at the Hall probe (location 1 in Fig. 1) 
and the magnetic induction at the detection coil (location 2 in 
Fig. 2) were calculated. 

III. RESULTS AND DISCUSSION 

The magnetic field in the specimen was influenced by 
both the crack size and its position as shown in Figs. 2-4. 
This is because the magnetic field distribution in the space 
between the sample and the C core was mainly determined 
by two factors: the leakage field of the corners and tips of the 
crack and the demagnetizing effect generated by the crack 
surfaces. The leakage field increased as the crack grew, 
which resulted in a larger field amplitude. However growth 
of the crack also increased its surface area which led to an 
increase in the demagnetizing effect and hence reduction of 
the magnetic field. When the crack was located below the C 
core at the center of the sample, the leakage field dominated. 
The resultant field increased with the crack size as shown in 
Fig. 2. When the crack did not occur at the midpoint, the 
demagnetizing effect of crack surfaces altered the magnetic 
field. Therefore, as the crack was initiated, the magnetic field 
at first decreased because of the demagnetizing field from the 
crack surface. Later it increased because of the leakage field 
introduced by the corners of the crack as shown in Fig. 3. As 
the distance between the probe and the crack increased, the 

influence of the demagnetizing effect on the resultant ampli- 
tude of the magnetic field became greater, and the influence 
of the leakage field became less. 

A similar explanation can be applied to the case when 
the crack is on the side of the specimen opposite from the C 
core. The only difference is that the leakage field generated 
by the tip of the crack dominated in most cases. The demag- 
netizing effect hardly influenced the magnetic field in the 
immediate vicinity of the crack. Only when the crack was 
farther away from the center of the sample did the influence 
of demagnetizing effect on the magnetic field become appar- 
ent as shown in Fig. 4. 

Compared with the magnetic field H, the resultant mag- 
netic induction B exhibited much smaller changes with the 
crack geometry as shown in Fig. 5. This result can be ex- 
plained because the detection coil measured the flux change 
in the sensor, which was distant from the crack region. 
Therefore, the measured magnetic induction was an average 

0 12 3 4 5« 

Crack depth (mm) 

FIG. 4. Calculated magnetic field H vs crack depth in the position with the 
crack on the opposite side of the specimen from the C core and away from 
the center of the sensor. 
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FIG. 5. Calculated magnetic induction B vs crack depth in the position with 
the crack on the opposite side of the specimen from the C core and away 
from the center of the sensor. 
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FIG. 6. Calculated magnetic field H and magnetic induction B vs crack 
width and depth with the crack on the side of the specimen facing the C core 
and located at the center of the sensor. 

which was much less influenced by the two effects than was 
the highly localized magnetic field. The main factor influenc- 
ing the resultant magnetic induction was the size of the air 
gap which was introduced by the crack into the magnetic 
circuit. This increased the magnetic reluctance around the 
flux path and resulted in a decrease in magnetic induction 
with crack size under the same magnetomotive force as 
shown in Figs. 5 and 6. 

IV. CONCLUSIONS 

The interactions of the magnetic field and the fatigue 
crack were modeled using finite element techniques. It was 
found that the detected magnetic field was determined prin- 
cipally by two factors: the leakage field of the corners and 
tips of the crack and the demagnetizing effect of the crack 
surfaces. These two factors had opposite effects on the de- 
tected magnetic field amplitudes. On the other hand, the cal- 
culated magnetic induction appeared to be only determined 
by the crack geometry. 

ACKNOWLEDGMENT 

This research was supported by the National Science 
Foundation, Division of Civil and Mechanical Structures, un- 
der Grant No. CMS-9532056. 

'D. C. Jiles, NDT & E Int. 21, 311 (1988). 
2M. K. Devine, D. C. Jiles, D. A. Kaminski, and D. Chandler, Rev. Prog. 

Quantitative NDE 11, 1771 (1992). 
3M. S. C. Bose, NDT & E Int. 19, 83 (1986). 
4M. K. Devine, D. A. Kaminski, L. B. Sipahi, and D. C. Jiles, J. Eng. 

Performance 1, 249 (1992). 
5Y. Bi, M. R. Govindaraju, and D. C. Jiles, International Magnetics Con- 
ference, New Orleans, 1-4 April 1997 (unpublished). 

6F. Forster, NDT & E Int. 19, 3 (1986). 
7J. H. Hwang and W. Lord, ASTM J. Testing Evaluation 21 (1975). 
8W. Lord, J. M. Bridges, W. Yen, and R. Palanisamy, Mater. Eval. 47 

(1978). 
9M. J. Sablik, S. W. Rubin, D. C. Jiles, D. Kaminski, and Y. Bi, IEEE 

Trans. Magn. Int. 32, 4290 (1996). 
10Electromagnetic field analysis guide, ANSYS Inc., Release 5.3, 1996. 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Magnetohydrodynamic calculation for free surfaces 
Keisuke Fujisaki and Takatsugu Ueyama 
Process Research Tech Labs. Nippon Steel Corp., 20-1 Shintomi, Futtsu-city, Chiba 293-8511, Japan 

A magnetohydrodynamic calculation for free surface is used in the design and evaluation of a 
cold-crucible or initial solidification such as stirring phenomena commonly found in the metal 
processing industry. A direct calculation of both the electromagnetic field and the fluid dynamics 
field for the surface of a molten metal that changes with time requires significant computing times, 
especially for three-dimensional models. An approximate calculation method, the shadow method, 
is one which uses a fixed mesh. Results obtained by the shadow method show that the shape of 
molten metal does not collapse under gravity as observed experimentally. © 1998 American 
Institute of Physics. [S0021-8979(98)33011-X] 

I. INTRODUCTION 

A magnetohydrodynamic calculation for free surface is 
used in the design and evaluation of cold-crucible or initial 
solidification such as stirring phenomena commonly found in 
the metal processing industry.1-3 The magnetohydrodynamic 
calculation is necessary for an electromagnetic field calcula- 
tion based on Maxwell equations and a flow dynamics cal- 
culation based on the Navier-Stokes equations. A direct cal- 
culation method that allows for the surface of the molten 
metal to change with time requires significant computing 
times, especially for three-dimensional models. Hence an ap- 
proximate scheme of calculation is desirable. 

In a free surface calculation, the shape of molten metal 
changes with time and the numerical solutions are iterated to 
within a certain error. Since the shape of the molten metal 
changes, a moving mesh calculation method is used.4 How- 
ever, using a moving mesh requires extra calculations needed 
to solve for the mesh positions. Moreover, the influence of 
the flow dynamics on the free surface shape is ignored. Only 
the balance of electromagnetic and gravitational forces is 
considered. Here, we propose a shadow method on a fixed 
mesh. 

II. CALCULATION METHOD 

A. Direct method 

Figure 1 shows the results of a magnetohydrodynamic 
calculation using the direct method. Through an electromag- 
netic analysis, the electromagnetic force is calculated, and 
the fluid dynamics is analyzed using the condition that the 
electromagnetic force is the driving force for the fluid dy- 
namics. During the fluid dynamic analysis, the velocity and 
the mesh shape are calculated, and the electromagnetic 
forces are analyzed using the condition that the velocity 
makes the electromotive force, and the mesh shape provides 
the new boundary condition. 

Here, the eddy current field and the quasistationary field 
are assumed in the electromagnetic analysis.5 Turbulent flow 
in the fluid dynamic analysis is assumed, because the Rey- 
nolds number is as large as 105-106. The direct method has 
been used for a two-dimensional model using a static 
condition.6'7 However, calculations of the electromagnetic 

fields and fluid dynamics in the case of a three-dimensional 
model or one with transient dynamics requires alot of com- 
putation. Hence an approximate shadow method is described 
and tested in this article. 

B. Shadow method 

Figure 2 shows the results of a magnetohydrodynamic 
calculation using the shadow method proposed here. The 
shadow method is used to model the electromagnetic fields 
in a flow dynamic calculation. The problem to be solved is 
how to calculate the new electromagnetic forces when the 
shape of molten metal changes as a result of the old electro- 
magnetic forces. Usually, the new electromagnetic forces are 
different from the old electromagnetic forces whenever the 
shape of molten metal changes. In the shadow method, it is 
assumed that the electromagnetic field is the same when the 
clearance between the coil and the molten metal is the same. 

In the shadow method, we consider one line in the mol- 
ten metal to be solved. The line could be selected to be along 
a direction in which the molten metal shape changes. Along 
this line, we can make any point of the molten metal which 
does not change shape corresponds to a certain point of the 
molten metal which changes under the influence of the old 
electromagnetic force distribution. Then the new electromag- 
netic force in the molten metal can be obtained from this one 
to one correspondence. 

The flow dynamics calculation for a free surface uses a 
fixed mesh. The mesh in free surface is expressed as the 
occupation rate of the molten metal. The curve of the free 
surface is made smooth on the mesh, where the pressure is 
equal.8 

Electromagnet c force 

Elcctromasnetic Analysis 

Eddy current field 

Quasistationary field 

Fluid Dynamic Analysis 

Turbulent How 

Free surface (VOF method) 

Velocity 
Free surface shape 

FIG. 1. Magnetohydrodynamic calculation by direct method. 
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FIG. 2. Magnetohydrodynamic calculation by shadow method. 

The shadow method is based on a modeling method 
called MORDY, which stands for moving reference frame 
model for multibody.9 The MORDY approach is used in dy- 
namic  calculations  such as  in  electromagnetic  levitated 
vehicles 10 

III. CALCULATION RESULTS 

A. Calculation method 

Figure 3 shows the calculation model here. To test the 
validity of the shadow method, we use a cylindrical two- 
dimensional non-static model. The z direction is the line that 
is selected. Along this line, the electromagnetic force is shad- 
owed from the old molten metal to the new molten metal. 
This model is used in the initial solidification in continuous 
casting.6 

The electromagnetic forces are calculated using a gen- 
eral solver of electromagnetic fields called FLEDY.11 The 
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FIG. 3. Calculation model (cylindrical 2D model). 

electromagnetic force is applied to the molten metal for the 
first 0.1 s. The calculation time of fluid dynamics is 2.0 s. 

B. Calculation results 

Figure 4 shows the calculated results without the shadow 
method. For z>0.0557 m, no electromagnetic forces are ap- 
plied to the molten metal as shown in (2-1) of Fig. 4 (the 

1               \              N 

1    \ 

1 

(1-1). 1 sec. later. 

\ \ 
i \ s       -      - \\ 

(2-1). 1 sec. later. 

(a) (1-2). 2 sec. later. (b) (2-2). 2 sec. later. 

FIG. 4. Calculation results by no shadow method, (a) Velocity distribution, (b) Electromagnetic force distribution. 
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FIG. 5. Calculation results by shadow method, (a) Velocity distribution, (b) Electromagnetic force distribution. 

electromagnetic force distribution after 1.0 s). The molten 
metal near the center line rises, and then falls down because 
there is no electromagnetic force to support it, as shown in 
(1-2) of Fig. 4 (the velocity after 2.0 s). This contradicts 
experimental observations during initial solidification,6 

in which collapse of the metal does not occur. The electro- 
magnetic force only supports the molten metal in the first 
few seconds. 

On the other hand, Fig. 5 shows the calculated results 
with the shadow method. In contrast to the direct calculation, 
for z>0.0557 m electromagnetic forces are applied to the 
molten metal as shown in the corresponding panel (2-1) of 
Fig. 5, The molten metal near the center lie also rises up. 
However, the molten metal does not fall down because the 
electromagnetic forces support the molten metal, as shown in 
(1-2) of Fig. 5. 

IV. CONCLUSION 

A shadow method is proposed here as the modeling 
method for free surface magnetohydrodynamic calculations. 

The results obtained by the shadow method show that the 
shape of molten metal does not collapse under gravity in 
accordance with experimental observations. 
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Differential Preisach model for the description of dynamic 
magnetization processes 

P. Andrei, Al. Stancu,a) and O. Caltun 
' 'Al. I. Cuza'' University, Faculty of Physics, Iasi, 6600, Romania 

A differential dynamic Preisach model developed by us and introduced as an idea suggested by 
Bertotti is generalized. The starting point of this model is that the instantaneous excess field due to 
the moving and dynamic processes can be approximated as a function of M and it's variation rate 
dMIdt: F(M,dM/dt). Thus, we determine a differential equation for the magnetic susceptibility. 
The model's parameters are found by an original identification method. As an application we 
simulate a simple electrical circuit and compare the results with the experimental data. A very good 
agreement between the measured and simulated data is observed. © 1998 American Institute of 
Physics. [S0021-8979(98)33111-4] 

I. INTRODUCTION 

Generally, the actual phenomenological models for the 
magnetic hysteresis1-4 are given by a differential equation 
for the magnetization (or induction) and they try to fit theo- 
retical curves to experimental data. Usually, this differential 
equation (the model equation) is of the first order and one 
can determine the susceptibility x (or permeability) as a 
function of the magnetization M, of the applied field H, and 

of their variation rate (M and H). If x depends on all these 
variables then the model is called a dynamic model and if x 
is only a function of M and H, the model is a static one. 

Integrating x(H,M,H,M) one obtains the magnetization M 
as a function of time. There have also been a few attempts3'4 

to present some dynamic Preisach models in a mathematical 
form but none of them gives a differential equation. This 
makes it very difficult to use the Preisach model in many 
applications where the dynamic effects must be taken into 
account such as: simulation of electrical circuits that contain 
a coil with a nonlinear core or prediction of some magneti- 
zation processes where H is given by a differential equation. 

In this article we have generalized a dynamic Preisach 
model (DPM) recently developed by us.5 It is known6 that 
the dynamic effects in a magnetic core (such as the effects 
produced by eddy currents) can be taken into account by 
supposing that the effective magnetic field is the sum be- 
tween the applied field and an excess instantaneous field 
which depends on the variation rate of M. To consider a 
classical moving term depending on M as well, we suppose 
that the effective field is the sum of the applied field, H, and 

a general moving term, F(M,M), depending on M and M: 

Htff=H + F(M,M). (1) 

Due to the symmetry of the major loop the general moving 
function F must satisfy the condition F(M,M)= —F( — M, 
-M). 

II. DYNAMIC PREISACH MODEL 

In order to find an analytical expression for the magnetic 
susceptibility in DPM we will employ a method developed 

by us previously.5 We consider the generalized moving Prei- 
sach model with the effective field given by (1). The Prei- 
sach distribution function is assumed to be the product of a 
Gaussian distribution in the interaction field and a log- 
normal distribution in the coercive field: 

P(Ha,Hß) = P0Pi\ 
H~~f"  Hf. 

VI 
Ha—Hß 

>     VI 
(2) 

with (P0 is a normalization factor): 

SMSH0 I      h2 

(3) 

Pc(h)=j;exp 
\n2(h/H0) 

2{HmIH<>y 

where H^ and H^, are distribution standard deviations, H0 is 
the center of the distribution after coercivities and Ms is the 
saturation value of the magnetization. The factor S represents 
the weight of the irreversible part in the total magnetization 
of the sample. The reversible component of the model is 
given by: 

R^H<^=~2H CXp (4) 

where Hm is a fit parameter. 
In order to find the susceptibility in DPM, we differen- 

tiate the total magnetization of the generalized moving Prei- 
sach model with respect to the magnetic field. Using the 
same method presented earlier5 one finds the differential 
equation: 

d_X 

dt F'm(M,M) 

a)- Electronic mail: alstancu@uaic.ro 

[F'M(M,M)H-F'm(M,M)H](I+J)-H 

(I+J)F'm(M,M)H 

where we have introduced the notations: 

(5) 
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f    dE{H 

I=< 

Neff >#eff) = 2 
CHN( 

JH 

if H is increasing 

P(h,He{f)dh, 

dE(H,,ff,HN<iff) -2f 
(6) 

P{Hef(,h)dh, 
zeff •'"Weff 

if H is decreasing; 

(Ht{{ is the value of the effective field, HNeS is the last 
extreme value of the effective field in the Preisach plane), 
and 

J=2R(Hef{). (7) 

The functions F'M(MM) and F'm{M,M) represent the par- 

tial derivatives of F with respect to M and M, respectively. 
The function E is the Everett integral defined as: 

E(H 
(Hx -Hy/2) 

erf 
<Hr-H0-h 

Hn 

-erf 
Hy + HQ + h 

Pc(h + H0)dh, (8) 

where erf is the error function.7 The functions / and / rep- 
resent the irreversible and the reversible part of the suscep- 
tibility in the generalized Preisach model, respectively. 

The choice of the function F is a quite intricate problem. 
Bertotti6 has shown that the average excess field in a half 
hysteresis loop depends on the average magnetization rate as 

#exc= ~ß sgn(M)(Vl + y\M\ -1), where ß and y are two 
parameters that depend on the material. In this article we 
suppose that at each point of the hysteresis loop the instan- 
taneous excess field is given by the same equation where M 
is the instantaneous magnetization rate. Thus, the generalized 
moving function is: 

F(M,M) = aM-ß sgn(M)(Vl + y|M|-l), (9) 

where a is the moving parameter.3 The existence of the ex- 
cess magnetic field Z/exc that adds to the applied magnetic 
field implies an important variation of the coercive field of 
the major hysteresis loop with the frequency of the applied 
field. Thus one can determine the parameters ß and y by 
measuring the coercive field for different M. 

III. IDENTIFICATION METHOD 

There are some identification methods for the Preisach 
distribution but all of them are quite intricate and need many 
experimental data (e.g., Mayergoyz3). In this section we pro- 
pose a robust identification method for the Preisach distribu- 
tion's parameters (Ms, H^., H^, Hm, H0, and S) and for the 
moving parameter a from the experimental major hysteresis 
loop and the experimental remanent major loop, respectively. 

In order to determine the distribution's parameters we 
have used the following method. First, one determines from 
the static hysteresis loop: the coercive field Hc, the remanent 
magnetization Mr, the magnetization at the upper branch of 
the loop for the coercive field Mc, and the energy lost per 
cycle (the surface of the loop) w, the closure field (the field 
where the upper branch of the major loop touches the lower 

branch) Hd, the saturation field Hs and the susceptibility at 
Hd and Hs [x(Hc\) and x(Hs), respectively]. Then, one de- 
termines the parameters Ms (as the saturation value of the 
major loop) and H^ from the equation: 

Hs — Hc\ 
Hm=x(Hd)-X(Hsy 

m 

(the susceptibility for field greater than Ha is given by the 
reversible part of the susceptibility). Finally, one follows the 
iteration: 

(1) One starts from two "first guess" values of the param- 
eters H0 and H,„. (in our simulation we have always 
started from H0 = HC and H(K=HC). 

(2) One determines S from the condition that the surface of 

the major loop is w: 

JTTWH^ \ fx I"1 

Pc(V2h)hdh     . (11) 
Jo 

S=- 
4MSH0 

(3) The H^ parameter is determined from the remanent 
magnetization Mr by solving the next transcendental 
equation: 

M,=- 
SMJi, 

frrH 
- rpc(v5ft)erfl 
„. Jo \nn 

dh. (12) 

(4) The H0 parameter is determined from the coercive field 
Hc by solving the transcendental equation: 

SMJi, 

^TH0 Jo 

Hr-h 
{Vlh)exfH-— \dh + 2 I   ~R(h)dh = 0. 

(13) 

(5) One repeats steps 2, 3 and 4 until the convergence is 
attained (in our simulations we imposed that the actual 
values of the S, H^, and H0 differ from the old ones 
with a relative error of 10~3). 

(6) One determines the actual value of Mc from the upper 
branch of the major loop (we denote this value by M'c): 

SM,H0 
M' = 

4^H0 !' Jo 

lHc+h\ 
Pc(V2h)erf\-jj—\dh + 2 

C H 
CR(h)dh. 

J° (14) 

(7) If \M'C — Mc\<e (where e is a small parameter that en- 
sures the convergence; we considered e= 10~3MS) then 
one stops the iteration; else one pass to the next step. 

(8) One determines the new value of H^ by adding to the 
old value of H^ the term g(M'c-Mc), where £ is an 
appropriate relaxation factor. This constant has to be suf- 
ficiently great in order to increase the convergence rate 
of the algorithm but not so large that it causes the algo- 
rithm to diverge (in our simulations we considered £= 1/ 
Ms). Then one passes to step 2 and one repeats the al- 
gorithm. 

In order to determine the moving parameter a we used 
the following algorithm. One starts with a "first guess" 
value for the moving parameter a (in our simulations we 
have started with a=0) and transforms the experimental ma- 
jor loop in the operational plane (the operational plane is the 
plane (M,H+aM)). One determines the distribution's pa- 
rameters using the method presented above and then the new 
value of the moving parameter by adding to the old value, 
the quantity:8 
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H i (rem) _ Tj(rem) 

M(H'c
(Tcm)) 

(15) 

where H^em' and H'c > are the coercive fields of the experi- 
mental and the simulated remanent major hysteresis loops, 
respectively, and M(//^ ') is the simulated magnetization 
corresponding to H=H'c^

&m'. One continues the iteration 
until Aa is negligible. 

IV. RESULTS AND DISCUSSIONS 

The experimental setup consists of a RL circuit in series 
with an ac generator. The inductance L is a MnZn soft mag- 
netic torus (A-41) having the inner radius r,=23mm, the 
outer radius r2 = 35 mm, and the high h = 20 mm. The ex- 
perimental magnetic hysteresis loop is determined using a 
digital storage oscilloscope.9 

Using the identification method presented above we 
have obtained the next set of parameters: MS = 3.2X10~5 

A/m, 5=0.23, //ai=27.5 A/m, Hm.=61.\ A/m, #OT=111.0 
A/m, #0=74.4 A/m, and a=1.13X10"4. The experimental 
and the simulated static hysteresis loops are shown in Fig. 1. 
In Fig. 2 is shown the dc demagnetization (witch is used in 
the identification of a) and the isothermal remanent magne- 
tization curves. The identification method ensures that the 
coercive field Hc, the magnetizations Mr and Mc and the 
looses (the area) in one major hysteresis loop are the same as 
the experimental ones. The dynamic parameters ß and y are 
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FIG. 2. Experimental (points) and simulated (continuous line) remanent 
magneti-zation curves: IRM for positive fields and DCD for negative fields. 
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FIG. 3. Dynamic hysteresis loops for v= 1 kHz: experimental (points) and 
simulated (continuous line). 

calculated from least-squares criteria applied to the simulated 
and experimental wave form magnetization in the dynamic 
loop. We present in Fig. 3 the dynamic hysteresis loop, ob- 
tained for the frequency of the applied field v= 1 kHz. One 
observes a substantial increase of the coercive field (approxi- 
mately five times) that is characteristic to the soft ferrites. 

V. CONCLUSIONS 

Various magnetization processes were simulated with a 
differential Preisach model. The dynamic processes were 
taken into account using a simple phenomenological assump- 
tion: the effective field in the Preisach plane is the sum of the 
applied field and a generalized moving field depending on 
the instantaneous magnetization and its variation rate. The 
same method can be applied to all the phenomenological 
models of hysteresis (e.g., the Jiles-Atherton model and 
Hodgdon model). We have deduced a differential equation 
for the magnetic susceptibility, analogous to that previously 
presented. 

In order to determine the model's parameters we have 
developed a robust identification method that needs the ex- 
perimental major hysteresis loop (for the distribution param- 
eters) and the experimental dc demagnetization curve (for the 
moving parameter). A very good agreement is observed be- 
tween the simulated and experimental curves. 
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Influence of the permanent magnet overhang on the performance 
of the brushless dc motor 

J. P. Wang and D. K. Lieu 
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W. L. Lorimer and A. Hartman 
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Axial overhang of the permanent magnets has been used to enhance the performance of radial flux 
brushless dc motors, but its precise contribution to performance is not well known. This article aims 
at the investigation of the overhang effects by finite element and lumped parameter modeling. An 
empirical formula which allows two-dimensional analysis to account for overhang effects is 
proposed. A three-dimensional equivalent magnetic circuit model is developed and its ability to 
accurately predict overhang effects is assessed. Results of finite element and lumped parameter 
models are compared and a design methodology is forwarded. © 1998 American Institute of 
Physics. [S0021-8979(98)46911-1] 

I. INTRODUCTION 

High performance and low power brushless dc motors 
continue to be the trend in the hard disk drive (HDD) indus- 
try. Axial overhang of the permanent magnets has been used 
to enhance the performance of radial flux brushless dc mo- 
tors, but its precise contribution to performance is not well 
known. Besides adding cost, there are three other reasons 
why it is not wise to use overhang without knowing its 
proper length. First, not all the extra magnetic flux produced 
by magnet overhang produces useful torque. Second, the 
originally preferred trapezoidal back EMF shape will be dis- 
torted if the flux increment is not uniform at all rotor posi- 
tions. Third, magnet overhang is not effective in improving 
performance unless the stator has been sized to accommodate 
the additional flux. The purpose of this paper is to investigate 
the overhang effects by three-dimensional (3D) finite ele- 
ment (FEM) and lumped parameter modeling (LPM). The 
former is favored for its high accuracy in handling highly 
nonlinear magnetic field in electrical machines. The latter is 
popular for its fair accuracy but quick repetition of compu- 
tation. 

To account for magnet overhang and end leakage ef- 
fects, which can be significant in low-profile motors, a 3D 
model is required. The data storage space and CPU time 
required for a 3D finite element model, however, may be 
prohibitive. 

Lumped parameter modeling, an alternative to FEM, has 
a good capability in predicting magnetic flux and back EMF 
in 2D problems.1 The model is extended to 3D by adding 
permeances representing extra flux and leakage paths to the 
original magnetic circuit built for 2D problem. 

A typical 8-pole 12-slot spindle motor used in the HDD 
is used in this analysis. To illustrate three-dimensional ef- 
fects, magnetic flux and back EMF are computed for differ- 
ent overhang lengths as a function of rotor position. Differ- 
ent permanent magnet strength (remanence) is applied to 
achieve different saturation levels. Overhang effects pre- 
dicted by FEM and LPM are compared, and recommenda- 

tions for accurately predicting optimum magnet overhang 
without a full 3D finite element analysis are forwarded. 

II. 3D MODEL DESCRIPTION 

A. Finite element model 

The top view of a typical 8-pole 12-slot spindle dc 
spindle motor and a description of the finite element mesh is 
shown in Fig. 1 (and Table I, respectively). The aspect ratio 
(airgap diameter divided by stator height) for this motor is a 
moderate 2.5, but ratios as high as 10 are common in HDD 
motors. Permanent magnets are modeled with radial magne- 
tization, materials are assumed isotropic and hysteresis ef- 
fects are ignored. The size of analyzed domain can be re- 
duced to one octant by taking advantage of the symmetry 
and imposing the proper boundary conditions. The angular 
size of the elements in the airgap are chosen to be the same 
as that of rotor step angle in order to maintain mesh unifor- 
mity and in turn improve accuracy. In selecting axial mesh 
density, models of increasing coarseness are solved. The 
coarsest mesh to produce the converged (fine mesh) solution 
is chosen for speed considerations. Solution time for a single 
rotor position ranges from 2 hours to 8 hours in the nonlinear 
cases. 

FIG. 1. Top view of 8-pole 12-slot spindle motor. 
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FIG. 2. 3D lumped parameter model permeances. 
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FIG. 3. The effect of the size of magnet deadzone on the flux increment, 
15% overhang. 
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FIG. 4. The effect of the size of slot opening on the flux increment, 15% 
overhang. 
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FIG. 5. The effect of the saturation level and overhang on the flux incre- 
ment, Br=0.71 in nonlinear cases. 
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FIG. 6. Flux increments for motors with various aspect ratios and overhang 
lengths in linear cases. 

B. Lumped parameter model 

Three-dimensional LPM is developed by modifying 2D 
model described in Ref. 1. Permeances modeling extra flux 
and leakage paths are added and properly connected to the 
2D model. Figure 2 shows part of the modification. Instead 
of a single path in 2D model, one additional path is added to 
lead flux originating from the overhang part to the stator 
tooth through its top. Three permeances, P2, P3, and PA are 
added to account for this axial flux. As in the 2D case, per- 
manent magnets are modeled as constant potential sources 
and their permeances are determined by a periodic function 
of theta.2 In the 3D model, the 2D magnet permeance used to 
represent the internal resistance of one magnet is split into 
two, PI and P2. P2 has the same angular distribution as PI 
(original 2D magnet permeance) and is computed by (1). 

P2 = Pl*(rotor height-stator height)/stator height. (1) 

Conventional straight-line and circular-arc technique is used 
for modeling permeances P3 and P4. P3 models the flux 
linking to the tooth foot from its top, PA models the flux 
going directly to the tooth stem and equals to zero for a short 
overhang. 

Unlike FEM, where there is a significant computational 
cost associated with 3D solutions, the addition of 3D per- 
meances in LPM has a much smaller impact. End-to-end 
leakage permeances can be numerically superposed to exist- 
ing 2D permeances according to electrical circuit theory. The 
additional 3D permeances are all linear, and consequently 

. non-2D 
-non-15% 
. non-30% 
- non-45% 

angle (degree) 

FIG. 7. The effect of the overhang length on the back EMF, Br=0.5. 
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TABLE I. Motor dimensions and mesh details. 

angle (degree) 

FIG. 8. Flux increment of different overhang lengths predicted by LPM. 

have a minimal impact on computation time. Computation 
time consumed in 2D and 3D LPM simulation are of the 
same order. 

III. RESULTS AND DISCUSSION 

Figures 3-8 show results over one-half pole pitch, start- 
ing from the zero flux (peak back EMF) position. Flux incre- 
ment is defined as the difference between effective tooth flux 
predicted by 3D and 2D models divided by that of the 2D 
model. With this definition, flux increment at 0° is unde- 
fined. Magnet overhang is defined as the difference between 
magnet height and stator height divided by stator height. 

Intuitively, several factors such as the size of the slot 
opening and magnet dead zone, as well as the overhang 
length, rotor position, and saturation level of stator teeth may 
influence the overhang effects. The first two factors are ex- 
amined first. Figure 3 and Fig. 4, respectively, illustrate the 
influence of the magnet deadzone and slot opening on the 
flux increment. Both linear and nonlinear cases are investi- 
gated. It is seen that the sizes of magnet dead zone and slot 
opening have no (slight) influence on the flux increment in 
the linear (highly saturated) cases. 

Figure 5 shows how the flux increment changes with 
magnet overhang. In the linear cases, the flux increment is 
positive and uniform through the cycle, but it is not propor- 
tional to the overhang length. Being independent of the rotor 
position, the flux increment can be simply related to the 
overhang length. As shown in Fig. 6, motors with lower 
aspect ratio require higher order polynomial functions of 
overhang length to approximate the flux increment. The back 
EMF (the derivative of flux) is also magnified proportionally. 
Thus, in the linear case, only magnet overhang and motor 
aspect ratio influence the flux increment. 

Magnetic saturation complicates the flux increment be- 
havior. The nonlinear results shown in Fig. 5 are for a se- 
verely saturated design (Br=0.71 T). The flux increment as- 
sociated with the position where the magnet transition is 
aligned with a tooth edge is comparable to the linear case, 
i.e., flux is increased by the introduction of magnet overhang. 

Gap diameter 19.5 mm 
Stator z-height 7.66 mm 
Gap 0.25 mm 
Element type 8-node brick 
Mesh size 1° angular 
Gap elements 4 radial 
No. nodes 30 000-64 000 

As the rotor moves away from this position, however, the 
flux increment decreases, and near the peak back EMF posi- 
tion (0°), the flux is actually lower than in the 2D case. 
Figure 7 shows that the detrimental effect of excess overhang 
occurs even under conditions of moderate saturation (Br 
=0.5 T). Some overhang (up to 15%) is beneficial to the 
back EMF its magnitude is increased and shape is preserved. 
As overhang is increased, the back EMF dip becomes evi- 
dent. This tendency is more pronounced in highly saturated 
designs and in configurations with pole pitch longer than slot 
pitch. The complicated behavior exhibited in the nonlinear 
case encourages the construction of 3D LPM rather than the 
simple correction factor applicable to linear cases. 

To test the capability of the 3D LPM, flux increments 
due to different overhang lengths are computed and com- 
pared with FEM results. It is observed by comparing Fig. 5 
and Fig. 8, the 3D LPM successfully predicts the trends, but 
tends to overpredict the flux decrement in the vicinity of 0°. 
This discrepancy may be tolerable for design if the impact on 
rms back EMF is small. The reason for the discrepancy be- 
tween LPM and FEM is the subject of current research, and 
an improved LPM is expected. 

IV. CONCLUSION 

A typical 8-pole 12-slot spindle motor used in the HDD 
is used to investigate overhang effects. In the case of mild 
saturation, magnet overhang always enhances motor perfor- 
mance, increasing back EMF without changing its shape. A 
series of polynomial functions of overhang length approxi- 
mate the flux increment of motors with various stator heights 
and can be used together with 2D FEM in lieu of a full 3D 
model. Under saturating conditions, however, the simple re- 
lationship does not hold. Furthermore, excessive overhang is 
shown to be detrimental to back EMF. To properly design 
for magnet overhang, a 3D lumped parameter model using 
straight-line and circular-arc technique to model axial flux is 
proposed. Although there is some discrepancy in the magni- 
tude of flux increment at certain rotor positions under severe 
saturation, the 3D LPM well predicts the trend of flux incre- 
ment, and seems a better tool for the searching of optimal 
overhang length in terms of the accuracy and CPU time. 

'J. P. Wang and D. K. Lieu, IEEE Trans. Magn. 33, 4092 (1997). 
2Z. Q. Zhu and D. Howe, IEEE Trans. Magn. 29, 124 (1993). 
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magnet synchronous motor 
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This article describes the shape optimization of detective coils for initial rotor position estimation in 
the drive system of permanent magnet synchronous motors. The characteristics of magnetic circuits 
in rotating machinery are very complicated. The magnetic flux distribution in the air gap is 
nonsinusoidal due to the influence of slots, magnets, and magnetic saturation, etc. By utilizing the 
slot ripple influence and taking the effects of both magnetic saturation and permanent magnets into 
consideration, an optimization of the detective coil by means of a genetic algorithm combined with 
a hybrid finite element and boundary element method is reported. This produces a global optimal 
solution in a shorter time.   © 1998 American Institute of Physics. [S0021-8979(98)50811-0] 

I. INTRODUCTION 

There is a growing interest in permanent magnet syn- 
chronous motors (PMSMs) owing to their high power den- 
sity and efficiency. Recent efforts are directed toward devel- 
oping the sensorless drive system for PMSM applications, 
and various algorithms of rotor-position estimation have 
been proposed. However, these algorithms, which are gener- 
ally based on the measurement of terminal voltages and cur- 
rents of the motor, have some difficulties to detect the rotor 
position at standstill because the terminal quantities cannot 
be measured. This results in unstable starting with counter 
rotation. 

To overcome these difficulties in PMSM sensorless 
drives at standstill, the authors propose to attach additional 
coils to the motor for detecting the initial rotor position. The 
proposed detection scheme is based on the voltage induced 
in the additional coil owing to the small displacement of the 
rotor with permanent magnets. Applying an impulse input to 
the armature results in the small displacement of the rotor, 
and the displacement is transformed into induced voltages. 
Thus, we can estimate the initial rotor position, and hence 
sensorless operation follows by using the detected position. 
It is desirable that the wave form of the induced voltage be a 
square wave that is suitable for digital processing. This re- 
sults in both a decrease of the dead zone and an increase in 
accuracy of the initial rotor-position estimation. This article 
is aimed at designing the additional coil to obtain the desir- 
able wave form of the induced voltage. Taking the charac- 
teristics of magnetic circuits in rotating machinery, e.g., 
magnetic saturation, into consideration, the authors perform 
an optimization procedure by means of the genetic algorithm 
(GA) combined with the hybrid finite element and boundary 
element (FE-BE) method. 

Finally, the numerical example of a concrete model (a 
four-pole PMSM) is presented to indicate the validity of the 
proposed optimization procedure. 

II. INVESTIGATED SYSTEM 

The configuration of the investigated model is shown in 
Fig. 1. The stator is made of isotropic silicon steel, and the 
rotor of carbon steel (S45C). Figure 2 represents the B-H 
curves of the steel. Rare-earth magnets of Sm-Co type are 
attached to the rotor, and their remanence Br and coercive 
force Hc are 0.9 T and 7.0X 105 A/m, respectively. 

The additional coils are thin and placed in the air gap 
along the stator surface. The voltage induced in the addi- 
tional coil is amplified and transformed into the rotor posi- 
tion data by a signal processing circuit. A signal processing 
circuit is usually composed of some logic-integrated circuits 
of complementary metal-oxide semiconductor type that have 
two logic states, i.e., //-level and L-level. The boundary be- 
tween //-level and L-level is called the threshold voltage. 
The variation of output voltage in the detective coil is illus- 
trated in Fig. 3. If the induced voltage rises slowly, the 
L-level region becomes larger than that of the fast rise case 
as in Fig. 3. The dead zone of detective coil increases with 
the L-level region, which causes the detection capability of 
the proposed scheme to decrease. Hence it is desirable that 
the wave form of the induced voltage changes in the rectan- 
gular form with rotation. This article describes a shape opti- 

permanent magnet (mm) 

a'Electronic mail: wakao@mn.waseda.ac.jp 

(a) rotor 

FIG. 1. Four-pole permanent magnet synchronous motor. 
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FIG. 2. B-H curve of steel. 

mization procedure to give the detective coil with the above- 

mentioned characteristics. 

III. OPTIMIZATION PROCEDURE 

The finite element method (FEM) and the boundary ele- 
ment method (BEM), which have entirely different features 
from each other, are very useful for numerical analysis of the 
physical phenomena described by partial differential equa- 
tions. Both methods seem to be complementary partners and 
not opponents. Therefore, taking into account of the advan- 
tages in these methods, the authors adopt the hybrid FE-BE 
method as a field calculation tool in this article.1""4 By apply- 
ing the FEM to the rotor and stator regions and the BEM to 
the air-gap region, a two-dimensional analysis of magnetic 
field with moving boundaries is naturally implemented with- 
out remeshing. This also allows easy consideration of mate- 
rial nonlinearlity by the FEM, and enables the precise esti- 
mation of air-gap field by the BEM. 

The fundamental equation of the magnetic field in terms 
of the magnetic vector potential A can be obtained as 
follows: 

V X OV X A) = /0+V X j;0M, (1) 

where v is the reluctivity, J is the current density, and M is 
the magnetization density. The demagnetization characteris- 
tic of the permanent magnet is approximated by a straight 
line, and M is described as 

M = B-fioH = B-fi0(B-Br)(Hc/Br), (2) 

where /J, is the permeability. The reluctivity is not constant 
but dependent on the applied magnetic field. Therefore, the 
distribution of the magnetic field is calculated by the itera- 
tion method including a nonlinear analysis. In this article, the 
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FIG. 3. Wave form of induced voltage. 
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FIG. 8. Voltage induced in additional coil. 

FIG. 7. Optimized configuration of additional coil. 

Newton-Raphson method5 is used in considering the nonlin- 
ear characteristics as in Fig. 2. The magnetic field distribu- 
tion and the reluctance torque characteristic of the investi- 
gated model are shown in Figs. 4 and 5, respectively. On the 
whole, the calculated values of the reluctance torque agree 
with the experimental data. Finally, regarding the flux distri- 
bution in the shaft direction as uniform, we estimate the 
magnetic flux interlinkage of the detective coil and derive the 
wave form of the induced voltage by inner field calculation 
of the BEM. 

As regards to a search algorithm, the genetic algorithm 
(GA) is adopted.6'7 The GA is a powerful search method 
based on probabilistic evolution through generations, which 
consists of three fundamental operators upon the string struc- 
tures; reproduction, crossover, and mutation. These string 
structures called chromosomes represent different design pa- 
rameters, respectively, (see Fig. 6). Calculating the objective 
function value, i.e., the length of L-level region, by the hy- 
brid FE-BE method, the GA estimates the fitness of each 
string structure and creates a new generation from the previ- 
ous one by the three above-mentioned operators. This results 
in the survival of the strings that better suit the environment, 
i.e., the decrease of L-level region, along the future 
generations. 

TABLE I. Optimization results. 

Design Result Design Result 
variable (Xpole pitch) variable (Xpole pitch) 

Wa 0.021 Wh 0.000 
Wb 0.021 Wi 0.056 
Wc 0.104 Ha 0.144 
Wd 0.083 Hb 0.544 
We 0.049 He 0.611 
Wf 0.056 Hd 0.428 
Wg 0.021 He 0.628 

IV. NUMERICAL RESULTS 

An optimization procedure using a GA combined with a 
hybrid FE-BE method is reported. The initial population of 
the search has 40 members. The members of the initial popu- 
lation are created by randomly placing the binary code of 
{0, 1} into the bit positions of the chromosomes. Each of the 
14 design variables is coded into a four- or five-bit string 
segment as shown in Fig. 6. Both the roulette wheel and elite 
technique are implemented for the reproduction operator. 
The uniform crossover, where each bit in the string has a 
probability of 0.6 to be swapped, is adopted for the crossover 
operator. The occurrence probability for mutation is 0.05. 
The decision on the convergence of solutions is based on the 
fitness, i.e., the objective function value, of the population. 
The search is terminated in 937 generations in this example. 
The whole CPU time required for the optimization procedure 
is about two days under typical workstation-implementing 
conditions. The optimization results are shown in Fig. 7 and 
Table I. Figure 8 indicates the computational results of the 
normalized voltage wave form induced in the shape- 
optimized coil. For a comparison, the wave forms of the 
rectangle-shaped coils with lengths W of one or half pole 
pitch are also computed and shown in Fig. 8. In this ex- 
ample, setting the threshold voltage of 0.2, we can find the 
L-level region, i.e., the dead-zone, of the shape-optimized 
coil is reduced to about 20% of that of the rectangle-shaped 
coils. 

'T. Onuki, IEEE Trans. Magn. 26, 582 (1990). 
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5T. Nakata, N. Takahashi, K. Fujiwara, N. Okamoto, and K. Muramatsu, 
IEEE Trans. Magn. 28, 1048 (1992). 
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Learning (Addison-Wesley, 1989). 
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with distributed heat sources 
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The article presents a hybrid thermal model for the accurate estimation of temperature distribution 
of induction motors. The developed model is a combination of lumped and distributed thermal 
parameters which are obtained from motor dimensions and other constants such as material density, 
specific heats, thermal conductivity, etc. The model is especially suited for the derating of induction 
motors operating under distorted and unbalanced supply condition. The model have been applied to 
a small (2hp, 415 V, 3-phase) cage rotor induction motor. The performance of the model is 
confirmed by experimental temperature data from the body and the conductor inside the slots of the 
motor.   © 1998 American Institute of Physics. [S0021-8979(98)23511-0] 

I. INTRODUCTION 

Prediction of temperature distribution of induction mo- 
tors is very important to the design engineers as well as 
motor manufacturers. To have a good knowledge of tempera- 
ture rise, studies on thermal model of induction motors 
started quite a long time back. Thermal circuit have been 
used in the past for electric machinery analysis. An equiva- 
lent thermal circuit for non-ventilated induction motors was 
reported by Kotnik.1 The different parts of the machine had 
been considered as lumped parameters interconnected with 
each other. This just gives some ideas of average temperature 
rise of motors which was sufficient during that time. Many 
papers have dealt with the temperature estimation method of 
the induction motor by using finite element (FE) analysis. In 
FE analysis usually only a part of stator core and rotor core is 
considered in the model.2 It is difficult to know the tempera- 
ture distinction along the motor lamination unless a whole 
model is taken into consideration, particularly under unbal- 
anced voltage operation. This article has described the devel- 
opment of a hybrid thermal model for the analysis of motor 
temperature distribution. The model can be used during the 
unbalanced and distorted supply operation of the motors. 

II. THERMAL MODEL FORMULATION 

The nonsteady conduction equation of heat flow in two 
dimensions is known to be 

Th-T, 

Kr 

d2t d2t 

dx 2+Ky~di2 -pc 
dT 

pli' (1) 

where Kx and Ky are the thermal conductivities along X and 
Y direction, respectively, q* is the internal generated heat 
per unit volume, p is the density, and Cp is the specific heat. 
Equation (1) can be expanded and the equation for the cen- 
tral node, a, in terms of adjacent nodes b, c, d, and e as 
shown in Fig. 1, can be expressed as 

"'Electronic mail: chandra@magstar.ect.kanazawa-u.ac.jp 

R 
| Tc-Ta | Td- 

ab R„ R ad 
■ + -^—-+qa=-^(,T'a-

Ta)^ 
Rn dt 

(2) 

where Ta and T'a represent current and future temperature of 
node "a," respectively, qa is the rate of heat addition to 
node a, Ca is the thermal capacitance associated with node 
a; Rab, Rac, Rad, and Rae represent the thermal resistance 
between nodes a-b, a-c, a-d, and a-e, respectively. 

Based on this idea the nodes are assumed throughout the 
motor cross section, while the thermal capacitances are con- 
sidered to be lumped at each node and thermal resistances 
between two consecutive nodes. The thermal model devel- 
oped for the determination of temperature condition along 
the motor cross section is shown in Fig. 2. The nodes lying 
extreme outside represent the ambient temperature and the 
next inside ones are lying on the motor surface. Adequate 
number of nodes are assumed to know the detailed tempera- 
ture distribution of the motor. 

The thermal resistances are given by 

Rr 
1 L 

Ä' 
(3) 

where Kt is the thermal conductivity, L is the length of heat 
flow path and A is the area normal to heat flow path. The 
thermal conductivities of different materials are chosen as: 
iron=73, air=0.0241, copper=386, aluminium=202, and 

O—VvV 
Ta    Rab   Tb 

W\/—o 

FIG. 1. Nodal network representation for two-dimensional heat flow. 
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FIG. 2. Thermal model of induction motor. 

insulation=0.05. Using Eq. (3) the thermal resistances of the 
following sections are calculated: (i) frame, (ii) stator core, 
(iii) stator teeth, (iv) stator slot to stator core, (v) stator slot to 
stator teeth, (vi) rotor slot to rotor teeth, (vii) rotor slot to 
rotor core, (viii) rotor teeth, (x) rotor core, and (x) shaft. The 
following resistances are calculated separately: (i) between 
frame and ambient, (ii) contact resistance between frame to 
stator laminations, and (iii) airgap between stator and rotor. 

The thermal resistance between frame and ambinet (such 
as /?!, 7?i5, etc. are catculated by Rünme^^t/P^,,, where 
At is the frame temperature rise over ambient and Pnode is 
the power dissipated from each node. The approximate value 
of At is obtained by At=W/(AK), where W is the total 
power loss of the machine in W, A is the surface area in m2, 
and A' is a constant chosen as 97.1 W/m2/°C. 

Using Eq. (4) the heat dissipated by radiation, Wr is 
obtained, where e is relative emissivity, assumed to be 0.9. 

W =5.72Ae 
273+ramb+A?\4    /273+T, 

100 
amb 

\      100 (4) 

The rest power WC=W— Wr is dissipated by convection. 
From Eq. (5) At is obtained, where D is the outer surface 
diameter of the machine in meter. 

W„=12.02A 
0.5 

(At) 1.25 (5) 

If At obtained from Eq. (5) does not match to that obtained 
earlier, by slight adjustment Ar is obtained by repeating (4) 
and (5). 

Due to imperfect contact between stator lamination and 
frame, the thermal resistance is calculated by /?lc=rlc/Ac, 
where rlc is thermal contact resistance and depends on the 
metals involved, the surface roughness, the contact pressure, 
the materials occupying void spaces and temperature. The 
value of rlc has been chosen as 0.0005 m2 °C/W in the 
model. 

Current, 
Voltage, 
Power     T 
Signal ,-A 

3-Phase Supply 

-re} r-cj Exciting 
o Winding o 

CAGE ROTOR 
INDUCTION 

MOTOR =m= TORQUE 
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SENSOR 
=ffl= 

D. C 
DYNAMOMETER 

1 1 1 
i 

L >         ° l TORQUE & SPEED 

TE 

SIGNAL 

MPERATURE 
SIGNAL i 

ANALOG TO DIGITAL 
CONVERTER 

PERSONAL COMPUTER 

FIG. 3. Experimental setup. 

The thermal resistance of airgap between stator and rotor 
is defined in terms of a dimensionless Nusselt number, NNa, 
the airgap length, lg, and is given by Eq. (6). NNu to be 
properly chosen.3 

Rao — 
L 

38    AW^airA, 
(6) 

The lumped thermal capacitance at each node is defined as 

Ca=VapCp, (7) 

where Va=8x*8y* length (8x and 8y being the average 
length between two consecutive nodes along X and Y direc- 
tion, respectively), p is the density, and Cp is the specific 
heat of the material on which it lies. 

In order to model accurately, the heat input to each node 
must be allocated properly. The dissipated power are: ohmic 
losses in stator and rotor winding, iron losses in stator core 
and teeth, flux pulsation loss in stator and rotor teeth, and 
frictional windage loss. The ohmic losses are calculated from 
the ohmic resistance and current. Ohmic resistance should be 
properly adjusted to take into account of temperature rise. 

The iron losses are calculated from Eq. (8). 

--afB2
p + b(VfBp)2 

(8) 

where p is the power loss per kg, / is frequency, V is the 
thickness of lamination in mm, Bp is the peak value of flux 
density; a and b are two constants and are assumed to be 
0.057 and 0.00282 in the model. 

In machines with slots both on stator and rotor, the flux 
density in the teeth varies as the relative position of the teeth 
varies. The amplitude of the flux fluctuation in the stator 
teeth is 

B 
Ts2 K c2~ 1 

Pi' 2T, si K, 
■B 

cl 
tml > (9) 

where TA and TS2 are the slot pitches of stator and rotor, 
respectively. Kcl is the Carter factor of the rotor, and Btml is 
the maximum value of flux density in the middle of the 
tooth. 

The frequency is given by fl = Q*(rpm/60), where Q2 

is the number of slots in the rotor. For the rotor teeth the 
indices 1 and 2 should be interchanged. 

The pulsation loss in watts per unit weight of the teeth is 
given by 
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FIG. 4. Thermal characteristic (a) at continuous running with short time 
load, (b) steady-state temperature with power output. 

Pp=b(VfBp)2. (10) 

The mechanical loss due to friction of the bearing and wind- 
age loss are 

PF+w=5.4*105(rpm)°-7*/>Ä, (11) 

where PR is the rated power of the machine in watts. 
After calculating all the thermal resistances and capaci- 

tances and allocating the losses to each node, the temperature 
of each node is calculated by 

t'i=ti+dr\^ J—L + li 
RijCj     C, 

(12) 

Starting values of all the nodes are taken to be equal to 
ambient temperature. The time step ST should be critically 
selected so that 

The solution is assumed to reach steady-state values when 

\T(j)n + i-T(j)n\^6 (14) 

is satisfied for each and every node, where e is a convergence 
criterion. 

III. PERFORMANCE OF THE MODEL AND 
EXPERIMENTAL VERIFICATION 

The model is applied to a small 4 pole motor. The de- 
tailed specifications of the motor are: Three-phase cage-rotor 
induction motor; power output=2hp, voltage=415 V, 
current=3.2 A, frequency=50 Hz, speed=1425 rpm, 
insulation=Class B, no of stator slots=36, no of rotor slots 
=44, stator outer diameter =190 mm, rotor outer diameter 
= 114.5 mm, core length=100 mm, stator resistance per 
phase=6.8 O, rotor resistance referred to stator=6.4 Cl. 

The experiments are conducted using the setup as shown 
in Fig. 3. The load on the motor is changed by varying the 
excitation. The surface and slot temperatures are measured 
by temperature sensors. 

Figure 4(a) shows the simulated and experimental ther- 
mal characteristic at continuous running with short time load. 
Figure 4(b) shows the variation of steady-state temperature 
of surface and slot with power output. It is seen that the 
difference of the experimental and simulated values are less 
than 2 °C. 

IV. CONCLUSION 

This article has reported the development of a thermal 
model for the temperature analysis of induction motors. The 
model is based on distributed thermal resistances and capaci- 
tances with properly allocated heat sources to each node. The 
model can predict both steady state and transient temperature 
rise of motors. Predicted results were compared with mea- 
surements showing good agreement, thus proving the valid- 
ity of the model. 

'R. L. Kotnik, AIEE Trans. Feb. 1955, pp. 1604-1608. 
2 A. F. Armor and M. V. K. Chari, IEEE Trans. Power Appar. Syst. PAS- 

95, (1976). 
3S. C. Mukhopadhyay, Ph.D. thesis, Jadavpur University, India, 1994. 
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Bifurcation phenomena and chaotic attractors in a six-dimensional 
nonlinear system 
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Some chaotic properties of a six-dimensional nonlinear dynamic system are investigated. Equations 
describing the system are based on the equivalent circuit of a magnetic frequency tripler. Numerical 
solutions are obtained using the fourth-order Runge-Kutta algorithm. Simulation results reveal the 
presence of Hopf and a period-doubling bifurcations. Phase space projections at points before and 
after bifurcations show the existence of three symmetrical and four asymmetric regions. Poincare 
maps reveal six different chaotic attractors within the asymmetric regions. The correlation 
dimension of the sea horse attractor is found to be 2.37. © 1998 American Institute of Physics. 
[S0021-8979(98)23611-5] 

I. INTRODUCTION 

Studies of bifurcation phenomena in the Van der Pol- 
Duffing oscillator as well as in two coupled Duffing oscilla- 
tors were described recently in Refs. 1 and 2. A similar be- 
havior can be observed in an electromagnetic circuit of a 
frequency tripler. This circuit can be described as a six- 
dimensional nonlinear dynamic system and it can be simu- 
lated on a computer using the fourth-order Runge-Kutta al- 
gorithm. In the previous attempt to depict bifurcation 
diagrams of the magnetic frequency tripler using voltage of 
the saturable reactor as a parameter, a period-doubling (PD) 
bifurcation and the presence of a chaotic attractor were re- 
vealed. These results were presented in Refs. 3 and 4. 

This article describes equations of state for a six- 
dimensional nonlinear system based on the equivalent circuit 
of a magnetic frequency tripler. Numerical solution of these 
equations enable further analysis. Characteristic sequences of 
transitions are studied using bifurcation diagram. The phase 
space projections obtained from the numerical solution 
verify existence of chaotic attractors in the regions after bi- 
furcations as well as the presence of symmetry in the phase 
space. Then, the correlation dimension of the phase space 
trajectory is performed in the region of sea horse attractor. 

II. EQUATIONS OF STATE 

The six-dimensional nonlinear system described in this 
article is obtained from the equivalent circuit of a magnetic 
frequency tripler with series-connected reactors.5 Figure 1 
shows the six-dimensional nonlinear system for computer 
simulations. This system was presented in detail previously 
in Refs. 3 and 4. Here, we bring only its short description. If 

magnetizing characteristics of the saturable reactors are ap- 
proximated by third-order polynomials, equations of state for 
this system become 

ij = — k^X] — k2x2+f sin T, 

x2 = ^3xl — alix3' ■ßu4- ■ aZix4, 

xi = k4(x2 + x6), 

*4 = ^5(x2~ x6)> 

x5 = k6x6, 

(1) 

*6—a20*4     a\Qx3     ßlix3     aG0x5     ßo0*5     ^7*6 > 

where {xx,X2,...,X6,T)eR6XS1,reS1. 
These equations are solved numerically using the fourth- 

order Runge-Kutta algorithm with double precision. The 
system is iterated 36 000 times (200 periods, 4007r). A step 
size of 3.4906585 X 10"2 (2ir/180) ensured converged nu- 
merical results. 

III. BIFURCATION DIAGRAM 
Bifurcation diagrams are obtained by setting the coeffi- 

cient k4 (voltage across Cin and Co) as a parameter and by 
plotting solutions for x5 obtained at 2-7T radian intervals. In 
order to exclude initial transient solutions for 0^r<100Tr are 
ignored, and then, solutions for IOOTT^7^5400-77 are plotted. 

Figure 2 shows bifurcation diagram obtained by incre- 
menting parameter k4 by 0.002 units. It can be seen from the 

"'Electronic mail: t-sutani@neptune.kanazawa-it.ac.jp FIG. 1. Six-dimensional nonlinear system for computer simulations. 
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FIG. 4. Phase space projections: (a) fc4 = 0.320, (b) &4 = 0.360, and (c) fc4 

= 0.390. 

= 6.0X10~6, /3i,= 1.5, yß00=l-8, /8,o= 1.3,/= 12.5, jfc, = 0.05, Jfc2 = 0.011, 
^3 = 20.0, £5 = 0.2, &6 = fc7 = 0.5, jC]0= 1.1, ^20= 1-0, *30=5.0, *40=2.0, x50 

= 3.0, and *60=4.0. 

diagram that the region fc4<0.1 is chaotic. This chaotic re- 
gion is followed by a sequence of period-one, period-two, 
and period-one solutions. The Hopf bifurcation takes place at 
&4=0.3 followed by another band of period-one solutions. 
The PD bifurcation occurs at k4=0.448, followed by another 
chaotic region. Later, for 0.63<k4<0.79, period-one solu- 
tions dominate except for a few chaotic regions appearing 
sporadically. The bifurcation diagram converges finally to 
stable period-one solutions for fc4>0.8. 

IV. PHASE SPACE PORTRAITS 

All period-one solutions of the analyzed system return 
generally identical phase space trajectories if the initial tran- 
sients are ignored. Phase space trajectories for chaotic solu- 
tions, on the other hand, assume several characteristic 
shapes. Figure 3 shows some examples of the phase space 
diagrams obtained for 10077-< 7^10277 before and after Hopf 
bifurcation points. 

The orbit shown in Fig. 3(a) is obtained for k4 = 0.272. 
This orbit is asymmetric. Figure 3(b) shows the orbit for the 
parameter k4 increased to 0.284. The resulting orbit becomes 
symmetrical with respect to origin, i.e.,/( —x) = —f(x). Fig- 
ure 3(c) shows an asymmetric orbit at an upper symmetry- 
breaking (SB) point which occurs for k4 = 0.298. The transi- 
tion from the upper SB point leads to the onset of the Hopf 
bifurcation. This transition can be identified as Hopf bifurca- 
tion following Sparrow's work on the Lorenz system6 and 
Kozlowski's work on two-coupled Duffing oscillators. From 
there, it is concluded that Hopf bifurcation is always accom- 
panied by SB in the phase space diagram. 

Figure 4 shows examples of orbital trajectories from the 
third and the widest region on the bifurcation diagram in 
which symmetry is maintained. Figure 4(b) shows the orbit 

• ie   »6       -is «10     « -IB 

(a) (b) 

at k4 = 0.360 with its typical shape for this symmetrical re- 
gion. In comparison with Fig. 3(b), the orbit has similar in- 
verse structure except that this time it has more loops which, 
in turn, indicates the presence of higher harmonics. Further, 
symmetric trajectories become asymmetric at k4 = 0.390, but 
here the SB point does not precede a PD bifurcation. 

In the analyzed system, there are no further symmetrical 
regions observed for fc43= 0.390. In such a case, a question 
arises whether phase space portraits at points prior and after 
PD bifurcation present the same asymmetric structure. In or- 
der to clarify this question, orbital projections of the phase 
space are investigated around this PD bifurcation point. Fig- 
ure 5(a) shows an orbit for r between IOOTC and 102IT for 
k4 = 0.4465, i.e., just prior the bifurcation. This orbit is asym- 
metric. Figure 5(b) shows an orbit for k4 = 0.4466. The orbit 
also appears to be asymmetric. However, comparison of the 
shape of orbits prior to bifurcation with that after the bifur- 
cation reveals that they are in central symmetry with each 
other with respect to origin. For the first time it is shown that 
a reversal of phase space occurs in order to preserve asym- 
metry at the PD bifurcation point. 

V. CHAOTIC ATTRACTORS 

There have been several types of chaotic attractors de- 
fined in multidimensional dynamic systems.7 In order to find 
the types of attractors existing in the frequency tripler ana- 
lyzed in this paper, Poincare maps are constructed for chaotic 
regions identified previously on the bifurcation diagram. Six 
maps, consisting of 2000 periods (T=4000TT) each, are 
shown in Figs. 6(a)-6(f). These maps are obtained for k4 

=0.05, 0.16, 0.30, 0.50, 0.59, and 0.74, respectively. Figures 
6(a) and 6(b) show two slightly different Poincare sets but 
both displaying characteristics of hyperchaos.8 Figure 6(c) 
shows a chaotic attractor obtained at a point after Hopf bi- 
furcation. This attractor does not represent a limit cycle and 

FIG. 3. Phase space projections: (a) k4 = 0.272, (b) k4 = 0.284, and (c) k4 

= 0.298. 

(a) (b) 

FIG. 5. Phase space projections: (a) k4 = 0.4465 and (b) &4 = 0.4466. 
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FIG. 6. Two hyperchaos: (a) £4 = 0.05 and (b) fc4=0.16, and four chaotic attractors: (c) fc4=0.30, (d) fc4 = 0.50, (e) &4=0.59, and (f) £4 = 0.74. 

it can be called a string attractor. Figure 6(d) shows a shape 
of the before-presented sea horse attractor. The harp attractor 
is also identified within the region of the PD cascade and it is 
shown in Fig. 6(e). It should be noted that the harp attractor 
is not a part of the sea horse attractor, as it may appear, but 
it is another type of attractor. Figure 6(f) shows a sparrow 
attractor which appears in the narrow chaotic regions after 
the PD cascade. In summary, two hyperchaos and four other 
chaotic attractors are identified in the six-dimensional system 
investigated in this article. 

In order to determine dimensionality of a dynamic sys- 
tem the correlation method is used. Following the work of 
Grassberger and Procaccia,9 the correlation dimension Dc 

can be defined as 

Dc=lim[logC(<?)log S], 
S->0 

(2) 

where C{8) is a correlation integral as a function of the 
diameter S, of the phase space volume element in which the 
integral is evaluated. 

Computations of the correlation dimension for the fre- 
quency tripler are performed on the phase space trajectory 
assuming the shape of a sea horse attractor on the Poincare 
map. As the result, the value of Dc = 2.37 is obtained. This 
outcome indicates that our original six-dimensional system 
can be described with a substantially smaller number of vari- 
ables, possibly as low as three. 

VI. CONCLUSION 
Bifurcation phenomena and chaotic attractors in a six- 

dimensional nonlinear system based on the equivalent circuit 
of a magnetic frequency tripler have been analyzed in this 
article. The main results are as follows. 

(1) Phase space projections are asymmetric at regions 
where hyperchaos, period-two solutions, the Hopf bifurca- 
tion and the period-doubling bifurcation occur. 

(2) The occurrence of the Hopf bifurcation is accompa- 
nied by symmetry breaking of the phase space trajectory. 

(3) The phase space trajectory reverses at the point of 
the period-doubling bifurcation to preserve asymmetry. 

(4) The existence of two hyperchaos and four chaotic 
attractors is found in the system. 

(5) The correlation dimension of the sea horse attractor 
is 2.37. 

Our next subjects are investigation on mechanics of de- 
velopment of chaotic attractors and controlling chaos in the 
six-dimensional system. 
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6C. Sparrow, The Lorenz Equations: Bifurcations, Chaos, and Strange At- 
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Neutron diffuse scattering in the form of rod-like features has been observed in single crystals of the 
layered CMR material La2-2.rSri + 2.rMn2C>7 (x = 0.4,0.36), consistent with the presence of 2D 
ferromagnetic spin correlations. These diffuse features are observed over a wide temperature region. 
However, their coherence length does not appear to diverge at Tc, although there is evidence of the 
development of three-dimensional correlations around ferromagnetic reflections of the 3D-ordered 
magnetic structure close to Tc. Quasi-elastic neutron scattering on a ceramic sample of x = 0.3 
shows that the lifetime of these ferromagnetic correlations increases at T—> Tc. They exhibit a 
spin-diffusion constant above Tc of ~5meVÄ2, much lower than that reported for 
La2/3Ca1/3Mn03. We discuss the relationship of these magnetic correlations to models of the 
ferromagnetic transition in CMR compounds. © 1998 American Institute of Physics. 
[S0021-8979(98)43211-0] 

The close interplay among charge, spin, and lattice de- 
grees of freedom in the colossal magnetoresistive (CMR) 
manganite oxides is widely believed to play an important 
role in the mechanism of transport in these itinerant ferro- 
magnets. Among the current models of transport in the three- 
dimensional perovskite materials is that magnetic polarons— 
mobile lattice distortions carrying spin—are the fundamental 
charge-carrying entity, at least above the Curie temperature 
(Tc).1'2 Indeed, localized lattice distortions have been ob- 
served above and below Tc,

3'4 in the (La, Ca)Mn03 perov- 
skite system. DeTeresa et al. have extended this work by 
inferring that these lattice distortions carry spin (magnetic 
polarons) from recent in-field small angle neutron scattering 
(SANS) experiments on the perovskite L^^Ca^MnC^.5 

While current attention is centered on perovskite 
manganites, the discovery of layered compounds 
La2-2xSri+2j:Mn207 as another class of CMR oxides pro- 
vides a rich opportunity to explore structure-property rela- 
tionships on varying length and time scales in reduced di- 
mensions. The material of interest, is comprised of 
perovskite bi-layers of corner-linked Mn06 octahedra form- 
ing infinite sheets. Bi-layers of (La, Sr)Mn03 are separated 

along the c-axis by insulating (La, Sr)0 layers. We have 
shown that although below Tc Mn-spins order ferromagneti- 
cally within the a b -plane6 in a certain compositional range, a 
competition between super- and double-exchange may re- 
sults to a canting of Mn-spins between adjacent ferromag- 
netic sheets, within the perovskite bi-layer.7 There is evi- 
dence to show that this competition may be reflected within 
ferromagnetic correlations above Tc, as reported recently by 
Osborn et al} Perring et al. also report that weak antiferro- 
magnetic and ferromagnetic spin fluctuations coexist in these 
layered materials above Tc.

9 Clearly, understanding both 
long and short range magnetism—structure and 
dynamics—is an essential ingredient in developing a coher- 
ent picture of the physics of this class of transition metal 
oxides. 

In this paper we report neutron scattering results from 
single crystals with x = 0.4 and 0.36 that demonstrate that 2D 
ferromagnetic correlations exist in these layered CMR mate- 
rials, as high as 2.8rc. Their size increases as T^>TC reach- 
ing a size of ~ 10 Ä at Tc. The coherence length of these 
ferromagnetic correlations does not appear to diverge at Tc. 
Quasielastic neutron  scattering  from a polycrystalline x 
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=0.3 sample, reproduce the single crystal results and find a 
spin diffusion constant of 5 meV Ä2, lower than that re- 
cently determined for the 3D perovskite materials. 

Single crystals of La2_2;cSr1+2.l.Mn207 
were melt-grown 

in flowing 100% 02 in a floating zone optical image furnace 
(NEC SC-M15HD). The crystals were characterized using 
inductively coupled plasma spectroscopy (ICP), d.c. magne- 
tization, and resistivity. Two single crystals were prepared 
and characterized by these methods; ICP measurement of 
their composition was determined to be consistent with a 
doping of x = 0.40(1) (La, 2Srr.8Mn207) and x = 0.36(1) 
(La, 28Sr172Mn207). These samples exhibit transitions from 
a paramagnetic insulator (PI) to a ferromagnetic metal (FM) 
at 133 K for x = 0.36 and 116 K for x = 0.4. Diffraction data 
were obtained as a function of temperature from these single 
crystals, using the neutron time-of-flight single crystal dif- 
fractometer (SCD) located at the Manual Lujan Jr., Neutron 
Scattering Center (MLNSC) at the Los Alamos National 
Laboratory. Quasi-elastic neutron scattering data were mea- 
sured as a function of temperature from a polycrystalline 
sample with x = 0.3 (Lat 4Sr! 6Mn207) synthesized via stan- 
dard ceramic techniques exhibiting coupled PI to FM transi- 
tions at 116 K, using the time-of-flight chopper spectrometer 
PHAROS,10 also located at the MLNSC. Data were recorded 
using an incident energy of 12.1 meV, except for data mea- 
sured at 115 K where incident energies of 12.1 and 8.1 meV 
were used to extend the Q range of the measurement. Neu- 
tron powder diffraction data were measured as a function of 
temperature from 20-300 K, using the Special Environment 
Powder Diffractometer (SEPD)11 at the Intense Pulsed Neu- 
tron Source at the Argonne National Laboratory. 

Single crystal time-of-flight neutron diffraction is ideally 
suited for the broad survey of reciprocal space for both 
Bragg reflections (long range structure) and also diffuse scat- 
tering which reflects structural features on a local scale. For 
both x = 0.36 and x = 0.4 single crystals, we observe a diffuse 
rod-like feature along c* centered at (0,1,0) and (1,0,0). An 
example of these rod-like features is shown in Fig. 1, mea- 
sured at 120 K from the x = 0.36 crystal. The diffuse scatter- 
ing is strongly temperature dependent, becoming more in- 
tense as T—>TC, while below Tc it decreases, consistent 
with scattering from magnetic correlations. For the x = 0A 
crystal we do observe rod-like features for higher orders of h 
and k [(h,00) or (0,*,0) with h or * as high as 7], where the 
magnetic form factor is expected to decrease substantially 
the magnetic scattering. These features have a smaller 
FWHM than the scattering at h= 1, or * = 1, suggesting that 
there is an additional nuclear component to the observed 
magnetic scattering. This nuclear scattering may arise from a 
low density of perovskite intergrowths in the crystal as pro- 
posed by Potter et al.u and also observed in high resolution 
electron microscopy.13 For the x = 036 crystal we observed 
no diffuse scattering at higher orders of h and *, suggesting 
a significantly lower concentration of intergrowths than in 
the x = 0.4 crystal. 

Figure 2 shows the variation of the intensity of the mag- 
netic rod scattering in both x = 0.36 and x = 0.4 crystals as a 
function of temperature. These values were obtained by fit- 
ting data perpendicular to the rod, along the [010] direction, 
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FIG. 1. Time-of-flight neutron diffraction data measured from a single crys- 
tal of Laj jgSr! 72Mn207 at 120 K. The observed scattering is shown as a 
section through reciprocal space (a) perpendicular to [100] and (b) perpen- 
dicular to [001]. The small peak just below the (011) reflection corresponds 
to a much smaller second crystal in the sample with a relative intensity of 
the main (011) reflection of 1/5000. 

with a Lorentzian function and accounting for the nuclear 
scattering with a narrower Lorentzian with its width fixed at 
a value determined at 20 K. We find that the intensity of the 
magnetic diffuse scattering increases as T—>TC from above, 
while below Tc its intensity decreases, vanishing for T 
<0.5TC. That this scattering appears as a diffuse rod along 
c* and with a finite width along [hOO] or [0*0], clearly 
shows that the spin correlations are 2D. We find that these 
modulations are ferromagnetic but do not strictly obey a 
cos2(7T.Az./) dependence (where Az is the difference of the 
fractional z coordinate between neighboring Mn atoms); we 
have proposed a model where these modulations are de- 
scribed in terms of spin-canting in these ferromagnetic cor- 
relations resulting from a competition between super- and 
double-exchange which is reported elsewhere.8 On Fig. 2 we 
also show the variation of intensity of the (0,1,1) ferromag- 
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FIG. 2. Temperature dependence of diffuse scattering intensity at (0,1,0) 
and the intensity of the ferromagnetic (0,1,1) measured from single crystals 
of * = 0.4 and 0.36. The intensity of the (0,1,1) reflection has been normal- 
ized to its intensity measured at 300 K. 

netic reflection as a function of temperature. This demon- 
strates that peak in the intensity of the ferromagnetic 2D 
fluctuations is correlated with the onset of 3D magnetic or- 
dering. The observed ferromagnetic reflections below Tc 

were consistent with ordered Mn spins aligned ferromagneti- 
cally within the ab plane as reported previously.6 

The coherence length of the ferromagnetic correlations 
within the perovskite bilayers, £2D> is ~4-5 Ä at 300 K, 
and increases to —10Ä at Tc. Surprisingly £2D does not 
appear to diverge at Tc (see Fig. 3). It is unclear where the 
critical region for these 2D ferromagnetic correlations lies, 

1 if 
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80       100      120      140      160      180      200 
Temperature (K) 

FIG. 3. The planar coherence length £2D 
as a function of temperature. 

however, from a more detailed study on the same x=0.4 
crystal we find that power law scaling of £2D suggests a 
much lower critical temperature for these correlations than 
actually observed; a r|D=98K is obtained using a mean 
field exponent v=0.5, or a T^=63 K for a 2D-Ising expo- 
nent of v= l.8 Interestingly, measurement of the critical scat- 
tering close to the (004) ferromagnetic reflection suggests 
that there is a buildup of three-dimensional correlations be- 
low 120 K resulting in a coherence length that appears to 
diverge at Tc .8 These data suggest that there may be a cross- 
over close to Tc from 2D to 3D critical scaling. However, 
we also note that in the same temperature region we have 
reported significant electron-phonon coupling in these 
materials.6 As discussed below, these localized lattice distor- 
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128 K (c) and 30 K (d) plotted as a function of energy integrated over the accessible g-range of this measurement. See text for details. 
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FIG. 5. (a) Temperature dependent resistivity and magnetization (deter- 
mined from full profile Rietveld refinement of neutron powder data) from 
the polycrystalline sample La, 4Sr, 6Mn207, (b) integrated intensity of the 
quasi-elastic Lorentzian component, and (c) coherence length as a function 
of reduced temperature TITC. In (c) the dashed lines are a fit to a power law 
function. Magnetic reflections from the x = 0.3 sample were consistent with 
a ferromagnetic alignment of Mn spins in the a-b plane.6 

tions may contribute to the lack of divergence in the 2D 
coherence length. Theoretical considerations suggest that this 
coupling arises from local Jahn-Teller effects in these mixed 
valent materials.1'2 

To investigate the spin dynamics of these 2D ferromag- 
netic correlations we have measured quasi-elastic neutron 
scattering from a large polycrystalline sample of x = 0.3. 
(The need for a large sample mass to yield sufficient signal- 
to-noise prohibited the use of a single crystal specimen for 
this experiment.) We have deliberately selected a Q,(o range 
to measure ferromagnetic scattering as / or Q—>0 without 
the measurement being perturbed by spin waves and 3D spin 
correlations at lower Q. Figures 4(a) and 4(b) show data 
measured at 128 and 30 K in Q,o) space, while panels (c) 
and (d) show the same data, integrated over the accessible Q 
range, as a function of energy. On panels (c) and (d) we 
show a fit to the elastic incoherent peak using a Gaussian 
function with a fixed FWHM that reflects the resolution of 
the spectrometer (dashed line). At 30 K we find no signifi- 
cant deviations from the fit, as seen in Fig. 4(d). This con- 
trasts with the scattering at higher temperatures, and espe- 
cially close to Tc, where we find an additional broad 
Lorentzian component superimposed on the Gaussian elastic 
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FIG. 6. The g-dependence of the Lorentzian quasielastic width (I") at 115 K 
measured from a ceramic sample of La, 4Sr[ 6Mn207. The dashed line rep- 
resents a fit to r = Aß2, while the solid line represents the behavior ob- 
served in La2/3Ca1/3Mn03 reported by Lynn et al.15 

incoherent peak. This feature is clearly shown in Figs. 4(a) 
and 4(c). The intensity of the Lorentzian component diverges 
as Q—>0, as expected for ferromagnetic correlations. 

Both quantitatively and qualitatively this ceramic x 
= 0.3 sample behaves similarly to the single crystals dis- 
cussed above. A broad Lorentzian component is observed as 
high as 2.8rc [Fig. 5(b)], while with decreasing temperature 
and approaching Tc, the intensity of the quasi-elastic scat- 
tering increases and reaches a maximum at Tc. Below Tc 

the quasi-elastic scattering decreases linearly with tempera- 
ture suggesting that it may result from soft c-axis spin wave 
scattering.14 The peak in the quasi-elastic scattering at Tc 

strongly correlates with a sharp decrease in the resistivity of 
the sample, and the development of three-dimensional order- 
ing of Mn spins determined from neutron powder diffraction, 
as shown in Fig. 5(a). These observations resemble those 
reported from inelastic scattering experiments on three- 
dimensional perovskite materials.15 The spatial extent 
of the ferromagnetic correlations—computed from the Q de- 
pendence of the Lorentzian signal—yields an overall f of 
~5Ä (~ 1.30a), increasing to —12Ä at Tc(~3.la), simi- 
lar to that found for the single crystal samples described 
above [see Fig. 5(c)]. 

The lifetime of these ferromagnetic correlations, ob- 
tained from the width of the quasi-elastic scattering inte- 
grated over the accessible Q range of the measurement, in- 
creases T^>TC, reaching a value of 1.1(1)X 10 s at Tc. 
Interestingly like the correlation length, the lifetime does not 
diverge suggesting that even close to Tc, there are 2D fer- 
romagnetic spins that are rapidly fluctuating [see Fig. 5(c)]. 
Lynn et al.15 have suggested that the magnetic transition in 
CMR perovskites is unusual as the spin waves stiffness con- 
stant D does not collapse close to Tc. Instead they describe 
the magnetic transition in the perovskite La2/3Ca,/3Mn03 in 
terms of spin-diffusion due to slow polaronic hoping of eg 

carriers with a spin diffusion constant, A, of 30 meV Ä2, a 
quantity that is analogous to the spin-stiffness constant for a 
magnetically ordered system. From the Q dependence of the 
Lorentzian width we estimate a spin-diffusion constant A 
~5 meV Ä2 at 115 K for our sample (see Fig. 6), a value 
substantially     lower     than     the     perovskite     material 
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(30 meV A2). Presumably, this reduced A is a consequence 
of the low dimensionality of these naturally layered manga- 
nites. 

The results presented here clearly demonstrate that in 
these naturally layered materials 2D ferromagnetic correla- 
tions exist at temperatures as high as —2.8 Tc. As T 
—> Tc, their size and lifetime increases but these quantities 
do not appear to diverge at Tc. Clearly there is a need to 
reconcile the behavior of these ferromagnetic correlations 
with the 3D ferromagnetic transition at Tc, where critical 
behavior and a divergent coherence length is observed about 
magnetic reflections. The data support a model where the 3D 
magnetic transition interrupts 2D fluctuations that would oth- 
erwise order over a long range at a lower Tc (see also Ref. 
8). That the measured Tc occurs at a higher temperature that 
than the estimate of T2? suggests that at a critical size £2D » 
Mn spins in adjacent perovskite bilayers may start ordering 
ferromagnetically in three dimensions. This implies a cross- 
over to 3D critical scaling close to Tc. Indeed the underly- 
ing physics of these 2D ferromagnetic correlations may be 
competing antiferromagnetic super-exchange and ferromag- 
netic double-exchange; in a previous paper we have reported 
that this competition may result in a canted Type-A ferro- 
magnetic structure in x = 0.4 below Tc.

7 As pointed out by 
Osborn et al. these ferromagnetic correlations may arise 
from the same competition above Tc} 

Alternatively the observation of nondivergent ferromag- 
netic correlations over a wide temperature region, may lend 
support to the small polaron model put forward to explain 
CMR in the manganite perovskites.1'2 Röder et al.1 have cal- 
culated the magnetic behavior of localized phenomena such 
as Jahn-Teller polarons associated with localized eg carriers 
and argue that the magnetic transition in the CMR mangan- 
ites is accompanied by a crossover of length scales from a 
quasi-self-trapped small polaron to a large polaronic state 
below Tc. At Tc their calculation predicts a magnetic co- 
herence length of —3-4 Mn sites or —12-16 Ä. As mag- 
netic polarons have a finite size, their coherence length is not 
necessarily expected to diverge as in a second-order mag- 
netic transition. That is, the coherence length of the 2D mag- 
netic correlations may be constrained by the lattice degrees 
of freedom (localized Jahn-Teller effects), which are in turn 
influenced by the electronic state. Our values of £2D 

ms in 

reasonable agreement with the prediction of Röder et al. and 
the size measurements of magneto-elastic polarons by De- 
Teresa et al. in L^Ca^MnC^,5 while the lower value of A 
observed here may reflect polaronic mobility in reduced di- 
mensions compared to the 3D octahedral network of perov- 
skite materials. However, since the degree of electron- 
phonon coupling (via the Jahn-Teller effect) and Tc are 
closely coupled in the CMR materials,1'2'16 the difference 
between the two possible explanations put forward here may 
be subtle. 

In conclusion, we have demonstrated the existence of 2D 
ferromagnetic correlations in layered CMR materials over a 
wide temperature range, with a coherence length £2D 

and 
lifetime that do not diverge at Tc. These 2D ferromagnetic 
correlations accompany the ferromagnetic transition at Tc, 
which appears to exhibit critical scattering and a divergent 
coherence length. Quasi-elastic neutron scattering shows 
these ferromagnetic correlations still fluctuate rapidly close 
to Tc, while the spin diffusion constant is much lower than 
the perovskite materials. Importantly, the naturally layered 
manganites provide a unique opportunity to examine in de- 
tail the mechanism of this crossover between 2D and 3D 
magnetism. 
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Chemistry of naturally layered manganites (invited) 
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S. J. Blundell, W. Hayes, A. K. Klehe, A. Mihut, and J. Singleton 
Department of Physics, Clarendon Laboratory, Oxford University, Parks Road, Oxford 0X1 3PU, 
United Kingdom 

Experiments on three double-layer (w = 2) Ruddlesden-Popper (RP) systems are reported. Doping 
Srj 8LaL2Mn207 (Tc= 126 K) with Nd to form Srj 8Lat^Nd^MnjO-, leads to a reduction in Curie 
temperature for low doping levels (x = 0.2), and to behavior reminiscent of S^ 8Nd, 2Mn207 for 
x2=0.7. This suggests that it may be possible to control the temperature of maximum 
magnetoresistance chemically in these phases. The application of pressure (0<P/GPa=£l.8) is 
shown to modify the magnetotransport properties of Sr2NdMn207 to resemble those of 
Sr1,9NduMn207. The changes can be explained by considering the relative strength of 
ferromagnetic and antiferromagnetic interactions within the material. Finally, the need for careful 
phase analysis of n = 2 RP materials is demonstrated by the misleading magnetization data recorded 
for a sample of Srj 8Sm! 2Mn207 containing —2.8% of an « = °° perovskite phase. © 1998 
American Institute of Physics. [S0021-8979(98)20911-X] 

I. INTRODUCTION 

Compounds of manganese have played a central role in 
recent studies of the magnetotransport properties of mixed 
metal oxides. It has been shown that the electrical resistivity 
of oxides containing Mn in a nonintegral oxidation state 
(Mn3+/4+) can decrease dramatically in an applied magnetic 
field, an observation that may lead to applications in the area 
of data storage. The effect has been most widely studied1'2 in 
perovskites of the general form Lnj _ .^MnC^, where the 
presence of both lanthanide (Ln) and alkaline earth (A) cat- 
ions results in the adoption of a mixed-valence state by the 
Mn cation. Perovskite can be regarded as the n = oo member 
of the Ruddlesden-Popper (RP)3 family of compounds 
(Ln, A)„ + iB„03„+1, with the K2NiF4 structure being at the 
opposite («= 1) extreme (Fig. 1). RP phases can be consid- 
ered to consist of perovskite-like blocks of vertex sharing 
B06 octahedra which extend to infinity in the xy plane and 
have a thickness of n octahedra parallel to the z axis; 
neighboring blocks are separated by a rock-salt layer such 
that the overall composition can be described as 
[(Ln, A)B03]„(Ln, A)0. Following the observation of co- 
lossal magnetoresistance (CMR) in w = °° RP phases, the 
electronic properties of other members of the series have 
been studied. CMR is not observed in samples of the n = 1 
system Sr2_JtLaJ.Mn04 which, for x~0.5, show charge or- 
dering on the Mn sublattice.4-7 However, CMR has been 
detected around the Curie temperature (126 K)8 of the n 
= 2 (Fig. 1) composition Sr! 8La, 2Mn207, which does not 
show charge ordering. The majority of the data collected to 
date for n = 1, 2, and °° suggest that CMR is incompatible 
with charge ordering on the Mn sublattice, and that it is 
closely linked to the appearance of a spontaneous magneti- 
zation in the sample. There are, however, a number of ex- 

ceptions to this sweeping generalisation. Sr2_JCNdi+^Mn207, 
for example, shows9'10 CMR in the absence of a spontaneous 
magnetization. Studies of this system have demonstrated that 
the nature and behavior of the sample are very sensitive to 
the conditions used in the chemical synthesis.11 More spe- 
cifically, samples with the composition x = 0.0 or 0.1 appear 
to contain two n = 2 phases with the same stoichiometry, as 

(a) 

(c) y<Tl 
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FIG. 1. Ruddlesden-Popper structures: (a) K2NiF4 (n = 1), (b) Sr2LnMn207 

(n = 2), (c) perovskite (n = »). Mn06 octahedra are shaded, hollow circles 
represent Sr/Ln atoms. 
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TABLE I. Unit cell parameters for Srj 8La,^-jNdjMnjO-,. 

Battle ef al. 

X % phase 1 a, Cl % phase 2 a2 c2 

0.2 
0.7 
1.1 

40.0(5) 
53.2(6) 
96.6(7) 

3.8684(2) 
3.8532(2) 
3.84191(1) 

20.138(2) 
20.145(2) 
20.149(1) 

60.0(5) 
46.8(6) 

3.4(7) 

3.8698(2) 
3.8551(2) 
3.8372(8) 

20.117(1) 
20.124(2) 

20.093(7) 

judged by the unit cell volume, but with a different distribu- 
tion of Sr2+ and Nd3+ cations over the available sites,12 

whereas Srt 8Nd] 2Mn207 can be prepared to contain a single 
n = 2 phase, albeit contaminated by n = °° perovskite.13 The 
difference between the Nd- and La-containing n = 2 com- 
pounds demonstrates that the electronic properties are very 
sensitive to elemental composition, and diffraction 
experiments12'14'15 have indicated that the sensitivity can be 
traced to the subtle structural changes which are brought 
about by the variations in composition. We have previously 
shown16'17 that the introduction of smaller Ln cations 
(Ho3+, Y3+) into the n = 2 structure results in the formation 
of a spin-glass phase at low temperatures, and also in the loss 
of CMR. In this article, we describe the magnetic behavior of 
Srj gLaj 2-xNd;tMn207, a system which can be thought of as 
a solid solution between the ' 'conventional'' Mn-containing 
CMR compound Srj 8Laj 2Mn207 and the "unconventional" 
Srj 8Nd) 2Mn207. We also discuss the pressure dependence 
of the CMR in Sr2__,.Nd1+iMn207 and show how the appli- 
cation of pressure can mimic the effect of changes in chemi- 
cal composition. Finally, we discuss the consequences for 
the magnetic and magnetotransport properties of introducing 
the Sm3+ cation, intermediate in size between Nd3+ and 
Ho3+, into the n = 2 structure. 

II. EXPERIMENT 

The n = 2 RP system Sri 8La! 2_xNd^.Mn207 
could not 

be prepared free of perovskite impurity by traditional ce- 
ramic techniques. A synthetic strategy which involved the 
use of a Bi203 flux10 was more successful. Stoichiometric 
quantities of SrC03, Nd203, La203, and Mn02 were ground 
together with a small amount of Bi203 such that the initial 
cation composition was Srj gLa] 2^^NdxMn2Bi01. The reac- 
tion mixture, contained in an alumina crucible, was heated at 
900 (12 h) and 1200 °C (12 h) before being pelletized and 
heated at 1500 °C for a total of 36 h. X-ray powder diffrac- 
tion measurements, carried out on a Siemens D5000 diffrac- 
tometer using Cu Kax radiation, showed that the products 
were free of « = °° and n= 1 impurity phases. The {0 0 10} 
reflection of all samples in the composition range 0.1 ^x 
ssl.l had a full width at half maximum (FWHM) of A20 
— 0.1°. We have previously shown11'13 that values less than 
this are characteristic of unstrained, monophasic samples, 
whereas larger values indicate that the sample either has a 
high degree of strain or is actually biphasic, possibly in a 
very subtle way.12 The quality of the new samples was thus 
uncertain, and structure refinement by Rietveld profile 
analysis18'19 was carried out in order to determine their true 
nature. Analysis by ICP emission spectroscopy established 
that the metal content of the samples was in agreement with 

the expected values and iodometric titrations established y 
= 7.00(2) for the oxygen content in Sr, 8Lai ^^Nd^Mn^. 
The temperature dependence of the magnetization of three 
selected samples (x = 0.2, 0.7, 1.1) was measured in an ap- 
plied field of 1 kG using a Quantum Design MPMS super- 
conducting quantum interference device (SQUID) magneto- 
meter. 

The synthesis of Sr2_xNd1+xMn207 (x = 0.0, 0.1) has 
been described previously.9 These samples both contain two 
n = 2 RP phases, but no n = °° perovskite was detectable by 
x-ray or neutron diffraction. The pressure dependence of the 
resistance of Sr2_xNd1+^Mn207 (x = 0.0, 0.1) was measured 
using currents 21=£//nA=£210. No current dependence of the 
resistance was detected. The magnetoresistance was mea- 
sured using standard, low-frequency (30 Hz), four-wire ac 
techniques in magnetic fields up to 15 T, with the current 
perpendicular to the magnetic field. Field reversal verified 
that the Hall contribution to the magnetoresistance was neg- 
ligible. The measurements were restricted to (P,T,B) re- 
gions where the sample resistance was less than 105 O. 
They were performed on two different pieces of ceramic 
sample to verify the sample independence of the observed 
signal. All resistance values were normalized to the sample 
resistance at ambient pressure, 275 K and 0 T. A standard 
piston-cylinder cell with petroleum spirit as pressure medium 
was used20 to apply pressure at room temperature. The pres- 
sure inside the cell, which was monitored with a calibrated 
manganin wire,21 decreased by —0.3 GPa during cooling 
from room temperature to 4.2 K; all pressures quoted are 
room temperature values. 

A sample of Srj 8Sm! 2Mn207 was prepared by firing a 
stoichiometric mixture of SrC03, Sm203, and Mn02 in air at 
800 (24 h), 1000 (24 h), and 1350 °C (10 days). Initial x-ray 
characterization was carried out using a Siemens D5000 
diffractometer, and the sample was then examined under 
higher resolution using the diffractometer 2.3 at the SRS, 
Daresbury Laboratory (X= 1.3997 Ä, A2f?=0.01°). The 
zero field cooled (ZFC) and field cooled (FC) magnetic sus- 
ceptibility of the sample was measured in a field of 500 G. 
Ambient pressure magnetoresistance measurements on 
Sr[ 8Sni! 2Mn207 were accomplished using a four-terminal 
dc technique in fields of up to 14 T. 

III. RESULTS 

Analysis of the x-ray diffraction patterns of the compo- 
sitions Sr] 8Laj 2_^Nd^Mn207 showed (Table I) that they all 
contain more than one n=2 RP phase, as do Sr2LaMn207 

and Sr2NdMn207.12'14 The relative proportions of the two 
phases varied in an irregular manner as a function of x. In 
the compositions that were selected for further study (x 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Battle et al.        6381 

O 
E 

■j 

E 
o 

25- 

20- 

15- 
6 

(a) 

0   ZFC 
+    FC 

10- * 

5- t 

0- 

1.6- 

1.4- 
■TO   TL 

(b) 

1.2- /    ^*"**l,,lll,,Nfc1 
1.0- / 

0.8- 

0.6- 

0.4- 

1.0- 

0.8- 
7®***^ (c) 

0.6- A 
0.4- • 

• 

0.2- 

0.0- 
i   i   i   i 

6 
* 

j     I     I 

30 

^ 25- 

|  20- 
m 

I.  15~ 

5- 

0- 

^    Jß III III II+H44, 

+ 

+ 

+   x = 0 
O   x = 0.2 

^üxxxäsmmm&i 

50       100      150     200     250     300 
T(K) 

~~i 1 1 1 1 r 
0 50       100       150      200      250      300 

T(K) 

FIG. 3. Magnetic susceptibility of S^ gLa] 2-INdJ.Mn207 measured in 100 
Gforx = 0.0and0.2. 

tron diffraction experiments have previously failed to detect 
any long-range magnetic order in Sr, gNdj 2Mn207.13 

The normalized resistance of Sr2NdMn207 between 50 
and 300 K is shown in Fig. 4 as a function of pressure and 
applied field. The zero-field resistance is seen to increase by 
over three orders of magnitude between room temperature 
and 80 K. Neither the absolute value nor the temperature 
dependence of the zero-field resistance are affected signifi- 
cantly by the application of pressure. The temperature depen- 
dence of the zero-field resistance under pressure for 170 
^T/K^300 can be fitted as an activated process, p 
= p0e{ElkT), with an activation energy of 110±5 meV, inde- 
pendent of the applied pressure. This implies that the activa- 

FIG. 2. Magnetic susceptibility of Sr! 8La[ 2-^Nd^Mn207 measured in an 
applied field of 1 kG for x=(a) 0.2, (b) 0.7, and (c) 1.1. 

=0.2, 0.7, 1.1) the phase fractions were 40/60, 53/47, and 
97/3; thus the composition ST1 8Lao jNd! !Mn207 appeared to 
be almost monophasic at the resolution of our powder dif- 
fraction apparatus. The data gave no indication of (Sr, La, 
Nd) cation ordering over the two crystallographically distinct 
sites available—one in the perovskite blocks and the other in 
the rock-salt layers. As expected, the unit cell volume 
showed a general decrease as the concentration of the 
smaller Nd3+ cation increased. The magnetic susceptibility, 
measured in a field of 1 kG, of the three chosen compositions 
is plotted as a function of temperature in Fig. 2. The compo- 
sition x = 0.2 shows a rise in susceptibility below 20 K, but 
otherwise shows qualitatively similar behavior to x = 0.08 

(Fig. 3), with a Curie point apparent at 85 K and a suggestion 
of short range or two dimensional ordering below 230 K (cf. 
126 and 250 K for x = 0.0). A saturation magnetic moment of 
2.23 fiB per Mn cation was measured in a field of 1 kG. The 
Curie point is not visible in the data collected onjt = 0.7, and 
the susceptibility of x=l.l is very similar to that of the 
composition x= 1.2, although the marked rise in the magne- 
tization occurs at 290 K (270 K) in the former (latter); neu- 

FIG. 4. Normalized resistance of Sr2NdMn207 for 50« T/K<& 300 at differ- 
ent magnetic fields and (a) ambient pressure, (b) 0.9, and (c) 1.5 GPa. 
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TABLE II. Structural parameters of Srj 8Sm, 2Mn207 determined at SRS. 
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FIG. 5. (a) Normalized resistance of Sr2NdMn207 at 1.8 GPa for different 
magnetic fields, (b) Normalized resistance of Sr, 9Nd, iMn207 at ambient 
pressure for comparison purposes. 

tion energy of this system cannot depend sensitively on the 
unit cell dimensions. This is a surprising result, particularly 
in view of the decrease in activation energy observed when 
n = oo perovskites are subjected to pressure.22'23 The magne- 
toresistance, however, is strongly dependent on the pressure 
applied, as illustrated in Fig. 4. Even at temperatures as high 
as 100 K, the magnetoresistance ratio at 12 T, (pB 

-p0)/pB, changes from ~ -90% at 0 GPa to ~ -200% at 
1.5 GPa, and there is a marked similarity between the behav- 
ior of Sr2NdMn207 under pressure and ST{ 9NdL ]Mn207 at 
ambient pressure.9 This becomes particularly noticeable (Fig. 
5) at pressures in excess of 1.5 GPa and in high magnetic 
fields (ß>12T). In this regime, Sr2NdMn207 develops a 
local resistivity maximum at —70 K, similar to that observed 
in Srj 9Nd!jMnjO-; at high fields and ambient pressure [Fig. 
5(b)]. It is interesting to note that once this maximum has 
developed, its position and height are almost pressure inde- 
pendent. This could be an indication that the maximum is 
due to the completion of a pressure-field assisted ordering 
process among the Mn spins. 

The x-ray diffraction data collected on S^ gSni! 2Mn207 

using a laboratory-based diffractometer indicated that we had 
been successful in preparing a monophasic, tetragonal n - 2 
RP sample, despite the fact that our previous attempts to 
prepare Sr2SmMn207 had resulted in the formation of two 
M = 2 phases with similar but different structural 
characteristics.24 However, close scrutiny of the high resolu- 
tion data collected at the synchrotron radiation source 
showed   that   the   new   sample   was   contaminated   with 

Atom Site X y z »i» (A2) Occup. % 

Sr/Sm (1) 2b 0 0 1/2 0.0053(7) 81/19(1) 
Sr/Sm (2) 4e 0 0 0.317 32(5) 0.0057(4) 50/50(1) 
Mn 4e 0 0 0.0976(1) 0.0038(5) 

0(1) 2a 0 0 0 0.018(4) 
0(2) 4e 0 0 0.2001(5) 0.032(3) 
0(3) 8« 0 1/2 0.0981(3) 0.013(1) 

Space group /4/mmm, Äwpr=4.59%, reduced ^2=1.56 for 32 variables 
Mn-0(1)= 1.965(2), Mn-O(2) = 2.06(l), Mn-0(3)= 1.912 59(4), 
Mn(z)-Mn(-z) = 3.931(5) Ä. 

— 2.8 wt % of a perovskite (n = °°) phase. The unit cell pa- 
rameters refined to the following values: for n = 2, a 
= 3.825 13(2), c = 20.1269(l)Ä; for « = <*>, a = 5.4205(5), 
6 = 7.6840(6), c = 5.4130(5) Ä. The Sr2"1" and Sm3+ cations 
order in the « = 2 phase such that 84% of the smaller Sm3+ 

cations are nine coordinate in the rock-salt layer [Sr/Sm(2)], 
with the majority of the Sr2+ cations being twelve coordinate 
within the perovskite blocks [Sr/Sm(l)]. The refined values 
of the atomic coordinates are presented in Table II, along 
with the most important bond lengths; note that 0(1) lies at 
the center of the perovskite block, the bond Mn-0(2) is 
directed along z into the rock-salt layer, and Mn-0(3) lies 
within the xy sheets; we have used the same labeling scheme 
previously.12'14 Although it is not ideal to determine these 
parameters by x-ray diffraction, the high absorption cross 
section of Sm renders a neutron diffraction study impractical. 
The magnetization of S^ gSm] 2Mn207 is plotted as a func- 
tion of temperature in Fig. 6. There is a sharp rise at 140 K, 
and some hysteresis is apparent below this temperature; a 
maximum is observed at — 35 K. A weak magnetization of 
~ 0.06 /xB per formula unit is seen at 5 K. The resistivity is 
plotted as a function of temperature and magnetic field in 
Fig. 7. The smooth curves are characteristic of an insulator, 
and no phase transition is apparent at 140 K. The magnetore- 
sistance [(pß-p0/p0)X 100%] apparently increases 
throughout the measured temperature range and reaches a 
maximum value of 10%. 

0.07 -, 

# . ZFC 
0.06- 

0.05- 

•':'"':!  
• 

°                          • 

FC 

0.04- 
o                                                                   • 

0.03- 
• 

0.02- • 

0.01- • 

III,,..,,,...-,--. 

1    ' 
150 200 

Temperature (K) 

FIG. 6. FC and ZFC magnetization of Sr, 8Sm12Mn207, measured in 500 G. 
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IV. DISCUSSION 

The data described above suggest that it is possible to 
dope Srj 8Lat 2Mn207 with Nd, thereby weakening the 
strength of the interactions producing long-range ferromag- 
netic ordering. Previous structural studies13'15 suggest that 
this is likely to involve a lengthening of the Mn-0(2) dis- 
tance, which will decrease the coupling between neighboring 
perovskite blocks and reduce the three-dimensional nature of 
the magnetic interactions. It is interesting to note that the 
change from one type of magnetic behavior to another occurs 
gradually with changing composition. As the Nd-content in- 
creases, the susceptibility begins to resemble that of 
S^ 8Ndt 2Mn207, which does not show long-range magnetic 
ordering.13 However, this neat description is too simplistic 
because it does not take into account the fact that our x-ray 
data show that the samples are biphasic, and without a more 
detailed neutron diffraction study we cannot confidently de- 
scribe the differences in crystal structure and composition 
between the two phases, and we therefore cannot account 
fully for the weakening of the ferromagnetic interactions and 
the generally complex susceptibility behavior shown in Fig. 
2. It is likely, for example, that the ferromagnetic transition 
and the low temperature rise in susceptibility seen for x 
= 0.2 in Fig. 2(a) are attributable to the two different com- 
ponents of the sample. Nevertheless, Nd-doping clearly in- 
fluences the magnetic properties of this system, and our data 
give reason to believe that, for relatively low, but as yet 
badly defined (x<0.7), levels of Nd doping it may be pos- 
sible to tune Tc in this system chemically by controlling the 

elemental distribution over the A sites within either the per- 
ovskite blocks or the rock-salt layers. This implies that it will 
also be possible to tune the temperature of maximum mag- 
netoresistance, but more magnetotransport measurements are 
needed to prove this point. The suggestion that the properties 
can be controlled by the La/Nd ratio should sound a warning 
to those who treat these compounds as a Mn-O network 
with benign lanthanide cations playing only a space-filling 
role in the structure. 

The results of our high pressure experiments suggest that 
the application of hydrostatic pressure to Sr2NdMn207 has a 
similar effect, with regard to CMR, to increasing the Nd:Sr 
ratio. At ambient pressure, increasing the Nd content pro- 
duces a contraction of the unit cell parameter a, but an in- 
crease in c, and, given that pressure and increasing Nd con- 
tent have the same effect on CMR and that pressure will 
decrease both unit cell parameters, it is reasonable to assume 
that the change in a is of greater significance. Our samples of 
both Sr2NdMn207 and S^ ,9Nd!.iMn207 are biphasic, and we 
have described them as containing both an antiferromagnetic 
phase and a spin-glass phase, with the spin-glass fraction 
being more significant in the Nd-rich sample. The occurrence 
of the latter phase was attributed to frustration caused by the 
presence of both ferromagnetic and antiferromagnetic inter- 
actions. Furthermore, the lower ordered magnetic moment 
per Mn cation and the lower Neel temperature of 
Sr! 9Ndj 1Mn207 indicate that frustration-induced magnetic 
disorder is relatively large even in the magnetically ordered 
component of the Nd-rich sample. Our new results can then 
be taken to suggest that pressure produces an increase in the 
degree of frustration in antiferromagnetic Sr2NdMn207 by 
enhancing the relative strength of any ferromagnetic interac- 
tions in the ordered phase. This is consistent with the mag- 
netic structure12 which consists of ferromagnetic sheets per- 
pendicular to z; the decrease in a will increase the strength 
of the ferromagnetic coupling and hence increase the degree 
of frustration in the antiferromagnetic structure. Susceptibil- 
ity or neutron measurements under pressure are necessary to 
test this proposal further. 

Finally, our data on Srj gSr^ 2Mn207 demonstrate the 
need for careful diffraction studies in order to identify the 
phases present in manganate samples. Damay et al.25 have 
reported that perovskite compositions Sn^ ^J.Sr^.Mn03 show 
a Curie temperature at —140 K, with a saturation moment 
per Mn cation of ~ 1 fiB for x = 0A4 in a field of 500 G. 
Thus the magnetization of our sample can be attributed to the 
presence of 3% of the perovskite Sm056Sr044MnO3, essen- 
tially the fraction estimated from our x-ray study. This would 
not have been observed had we relied on our laboratory- 
based powder diffractometer, although it is a relatively mod- 
ern, high-resolution machine. Indeed, the presence of this 
phase was not taken into account in our discussion of mag- 
netic data collected before high resolution x-ray studies had 
been performed,16 and our earlier discussion is therefore 
flawed. The perovskite phase dominates the magnetization 
data, but it is present at too low a concentration to influence 
the magnetotransport data, as can be seen from a comparison 
of our data with those of Damay et al, which show a metal- 
insulator transition. We can conclude that the majority, n 



6384        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Battle et al. 

=2 phase does not show magnetoresistance on the scale of 
the La and Nd analogs, even though we cannot describe the 
temperature dependence of the susceptibility. As in 
Sr2HoMn207, the preferential occupation of the perovskite 
block site by the larger Sr2+ cation results in a large Mn-Mn 
distance (3.931 Ä) along z within a double layer, and this is 
likely to weaken the interatomic interactions along the axis 
in comparison to those within the xy plane; it is also likely to 
prevent the exchangestriction which stabilizes the antiferro- 
magnetic phase in Sr2NdMn207. Although we cannot draw 
any firm conclusions about the magnetic properties of the n 
= 2 phase from our susceptibility data, the similarity be- 
tween the structural data described above and those reported 
previously for Sr2HoMn207 and Sr2YMn207

17 leads us to 
predict spin glass behavior at low temperatures (< 50 K) in 
n = 2 Srj 8Sm! 2Mn207. It is possible that the susceptibility 
maximum at 35 K (Fig. 6) corresponds to the glass transition 
temperature. It should be noted that the Ho- and Y- 
containing compounds show a slight distortion from the ideal 
RP structure. This involves oxide ion displacements arising 
from the rotation of Mn06 octahedra, and is easily detected 
in neutron diffraction experiments. However, we would not 
expect to have detected it in our x-ray experiments on the Sm 
compound. 

Finally, we wish to emphasise that, having attempted to 
prepare a number of n = 2 RP phases, and having paid care- 
ful attention to synthesis conditions, we have never suc- 
ceeded in preparing a monophasic material. We have pre- 
pared samples free of n = °° perovskite, but they have always 
contained two w = 2 phases, for example Sr2NdMn207. We 
have made highly crystalline n = 2 phases, but they have 
always been contaminated by perovskite, for example 
Sr, gSni! 2Mn207 as described above. Furthermore, even 
samples which appear to contain only one n = 2 phase show 
a relatively high concentration of intergrowths of other RP 
phases.26 Our final conclusion is thus that any attempt to 
make an unambiguous interpretation of the physical proper- 
ties of these materials is fraught with difficulty. The prob- 
lems may diminish if single crystals become available, but 
they are unlikely to disappear altogether. 
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Role of intergrowths in the properties of naturally layered 
manganite single crystals (invited) 

S. D. Bader,a) R. M. Osgood III, D. J. Miller, J. F. Mitchell, and J. S. Jiang 
Materials Science Division, Argonne National Laboratory, Argonne, Illinois 60439 

Two-layered Ruddlesden-Popper phase SrO(La1_xSrxMn03)2, with x = 0.3 and 0.4, exhibits 
colossal magnetoresistance, a magnetic anisotropy which is strongly composition-dependent, very 
little remanence, and an anomalous low-field magnetization (M) plateau between the Curie 
temperature (Tc) and T*~300 K. The resistivity peaks near Tc for both in-plane and out-of-plane 
currents. The magnetization plateau is not intrinsic to the crystal, but is attributed to intergrowth 
defects, consisting of one additional or missing SrO blocking layers, as observed in transmission 
electron micrographs. The intergrowths exhibit interesting two-dimensional magnetic behavior, for 
both the x = 0.3 and 0.4 compositions. For x = 0.4, M scales as (\-TIT*)ß, with /3=0.25 
±0.02. For x = 0.3, the intergrowths exhibit an easy axis in the a-b plane due to the shape 
anisotropy, while for T<TC, M lies along the c axis. © 7998 American Institute of Physics. 
[S0021-8979(98)43311-5] 

I. INTRODUCTION 

Manganites, based on the perovskite structure type, are a 
fascinating class of materials, exhibiting both the colossal 
magnetoresistance (CMR) phenomenon1 and a host of inter- 
esting magnetic properties.2'3 Recently, Moritomo et al. fab- 
ricated these materials in the two-layered form;2 i.e., the n 
= 2 variant of the Ruddlesden-Popper series 
(La, Sr)n + 1Mn„03n + 1, and there have been a number of 
subsequent investigations of this material.3"9 Figure 1 illus- 
trates the n= l(2,oo members of this family. The unit cell 
may be written: SrO(Laj _xSrxMn03)2, where it is clear that 
two MnOe octahedra are separated from one another by an 
insulating layer of SrO. The structure is tetragonal, with the 
a-b plane parallel to the layers of Mn06 and the c axis 
perpendicular.3 The n = 2 variant of this family was found to 
have a ~ 20 000% CMR at 129 K with H= 7 T, while at low 
fields (0.3 T), a CMR of -200% was found (at 129 K).2 

These materials (including the n = °° variety) exhibit a com- 
petition between antiferromagnetism due to superexchange, 
and ferromagnetism due to double exchange. For x = 0, the 
material is antiferromagnetic, while in the region x 
«0.2-0.4, the materials are ferromagnetic and exhibit a 
metal-insulator transition at Tc. Tc moves appreciably in 
an external field H, which in turn shifts and broadens the 
metal-insulator transition and causes CMR. An external 
field is thought to align the Mn sites and therefore allow the 
electron (via the double exchange mechanism) to delocalize 
and "hop" between the Mn sites. 

As in the cuprate superconductors,10 not all of the inter- 
esting physics for the manganites is confined in the tempera- 
ture region T< Tc. Several studies have reported short-range 
magnetic order for T>TC in these layered materials (both 
x = 03 and 0.4).3'4'11'12 One naturally asks the question: "to 
what extent is this magnetic order intrinsic to the layered 
structure of the material?" We find that the CMR occurs at 
low fields at T= Tc for the current both in the a-b plane and 

along the c axis. The high temperature magnetization is, 
however, interesting in its own right; it is attributed to inter- 
growth defects extrinsic to the crystal, which exhibits novel, 
two-dimensional magnetic behavior. 

II. EXPERIMENT 

Crystals of La2_2jtSr1 + 2;cMn207 (x = 0.3,0.4) were 
grown from polycrystalline rods of the same nominal com- 
position using the traveling-floating-zone technique in an op- 
tical image furnace (NEC model SC-M15HD). The precursor 
rods were prepared by solid-state synthesis from high purity 
(>99.99%) starting materials: La203 (prefired in flowing 02 

at 1000 °C for 12 h), Mn02, and SrC03. After several firings 
at 1000-1350 °C, the powders were isostatically pressed into 
rods suitable for zone melting. The growth atmosphere was 
20% 02 for x = 0.3 and 0.4. In each case, the crystals grew 
with the c axis normal to the zone travel direction. The re- 
sulting highly textured polycrystalline boules can be cleaved 
readily to yield shiny black crystals of layered manganite. 
Typical dimensions of the cleaved crystals are 2X2 
X 0.1 mm3. Back-reflection x-ray Laue photographs estab- 
lish that in all cases the cleaved crystals have the c axis 
oriented normal to the thin plates. Magnetization and suscep- 

a)Electronic mail: bader@anl.gov 

O M" La.Sr 

FIG. 1. Diagram of the structure SrO(La, _^SrxMn03)2, reproduced from 
Ref. 2. The variable n refers to the number of Mn06 octahedra layers in the 
bilayer. The shaded atoms are the La, Sr cations, the white atoms are O, and 
the black atom in the center of the 06 octahedron is the Mn atom. 
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FIG. 2. Magnetic moment vs temperature for (a) x = 0A (H = 30 Oellafo); 
(b)x = 0.3(// = 50Oellc). 

tibility (x) measurements were made on both a 
superconducting-quantum interference device (SQUID) and 
an extraction magnetometer from Quantum Design, equipped 
with with a 7 and 9 T superconducting solenoid, respec- 
tively. The trapped flux in the solenoid (—10 Oe) was moni- 
tored, so that the field values given are correct to within 
±0.5 Oe. Measurements were made with the applied field 
both parallel to the a-b plane (HWab) and parallel to the c 
axis (//lie). Resistivity measurements were made on thin 
platelets obtained by crushing the boule; leads were con- 
nected by attaching Cu wires to sputtered Au contacts. An- 
other platelet from the same boule was ion-milled and used 
for transmission electron microscope (TEM) measurements. 

III. MAGNETIZATION AND TRANSPORT 

Figure 2(a) displays M vs T (// = 30 Oellafc) for x 
=0.4; Figure 2(b) illustrates M vs T (H= 100 Oellafe) for 
x = 0.3. For both compositions, there are two plateaux below 
the two transitions. The lower transition is Tc (—94 K for 
x = 03 and 116 K for x = 0A); the upper transition is at T 
= r*~300K. In Fig. 2b, T* is not as visible for the x 
= 0.3 sample as it is for x = 0.4 because of the higher field 
employed for this measurement (100 Oe), which tends to 
smear out the transition. A measurement of M vs T with H 
= 15 Oe near T* is displayed in Fig. 3. Measurements of M 
vs H below Tc yield a ferromagnetic hysteresis loop, albeit 
one with virtually no remanence [see Fig. 4(a) for H\\ab and 

l.b 
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1 "■■■■    1 ■ 
■ T2* - 

0.5 " T3* 

260 280 300 
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320 

FIG. 3. Magnetic moment vs temperature for * = 0.3 (H = 15 Oellafe, T 
**!*). Three transitions are identified. 

//lie inx = 0.4; see Fig. 4(b) for HWab and//lie in * = 0.3, all 
at 5 K]. The easy axis, determined by the saturation field, lies 
in the a-b plane for x = 0.4 and along c for x = 0.3, in agree- 
ment with Ref. 3. Measurements of M vs H for TC<T 
<T* yield a small ferromagnetic loop superimposed on a 
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FIG. 4. Magnetization (normalized to the saturation magnetization Ms) vs 
H for (a) x = 0A, (b) * = 0.3 (HWab: filled symbols, HWc: clear symbols, 
7=5 K for both compositions). Measurements were made sweeping H from 
negative to positive values and back to M=Q. 
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FIG. 5. (a) Magnetic moment vs applied field (ff) at 250 K for HWab (filled 
symbols) and H\\c (clear symbols). Both measurements are superimposed on 
a linear paramagnetic background from the intrinsic portion of the crystal, 
which is displayed in (b) for HWab. Two lines in (b) indicate the kink near 
H=0 which is due to the ferromagnetic response of the extrinsic material. 
All measurements in this figure are from the same sample. 

paramagnetic background, in agreement with neutron dif- 
fraction experiments, which have been able to sense mo- 
ments only for T<TC.

5 The high-temperature paramagnet- 
ism therefore must represent short range order. Figure 5(a) 
displays M vs HWab and M vs HWc in x = 0.3, while Fig. 
5(b) displays the M vs HWab data on a larger scale; the 
ferromagnetic part of the signal manifests itself here as a 
kink near H=0. These measurements are all from the same 
sample. Note the scales on Figs. 5(a) and 5(b); the ferromag- 
netic signal is masked by the paramagnetic signal from the 
intrinsic material. 

Associated with the Tc illustrated in Fig. 2 for x = 03 
are peaks in the resistivity p and in the CMR, displayed in 
Fig. 6 for two different directions of the current j. There was 
a slight difference in Tc*=> 90 K between the two separate 
samples measured in Fig. 6; this difference has been normal- 
ized out. Note that the resistance was much higher along the 
c axis, in agreement with Ref. 3. Note that peaks for both 
pab and pc at H=0 are at T**TC. The authors of Ref. 3 
observed a large peak in pab, the resistivity measured in the 
a-b plane, for T>TC. This was considered a sign of ferro- 
magnetic correlations within the Mn06 planes and lack of 
correlation between the planes. Below Tc, where M lies 
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FIG. 6. Measurement of resistivity vs applied field for (a) j\\ab and (b) j\\c 
for the x = 0.3 composition. Measurements were made on separate samples, 
both of whom had rc«*90 K; the minor difference between the Tc's was 
normalized out. 

only along c, Kimura et al. rationalized the drop in pab they 
observed as being due to the disappearance of spin disorder 
in the a-b plane.3 We did not observe such as a peak in pab 

for T> Tc for x = 0.3. We conclude that the high-temperature 
magnetism is an extrinsic phenomenon, due to an inter- 
growth phase, which was presumably also present in the 
similarly prepared samples used in Ref. 3. 

20 A 

FIG. 7. High-resolution TEM micrograph showing one intergrowth (marked 
with a pointer) with n = 5 for the x = 0.4 composition. 
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FIG.  8.   High-resolution  TEM  micrograph  showing  two  intergrowths 
(marked with a pointer) with n= 1 for the x = 0.4 composition. 

IV. INTERGROWTHS 

Seshadri et al. have demonstrated the presence of inter- 
growths in these materials, using TEM.7 Intergrowths can be 
due to missing or extra layers of SrO atoms between the 
Mn06 octahedra. Such defects represent n + 2 variants of the 
Ruddlesden-Popper series. Figures 7 and 8 diplay high- 
resolution TEM images from samples with x = 0.4. The in- 
sulating double SrO layer is the white band. In Fig. 7, the 
regular series of white bands is interrupted by a n = 5 inter- 
growth; in Fig. 8, an extra white band divides two n = 1 
intergrowths. Such intergrowths are also observed in the x 
= 0.3 samples (see Fig. 9). An estimate of the intergrowth 
volume fraction can be made by dividing the height of the 
hysteresis loop measured at 250 K by the saturation magnetic 
moment (measured with H large enough to saturate M at T 
<TC). We obtain a volume fraction of —0.1% intergrowths 
in the x = 0A samples and —0.6% intergrowths in the x 

=0.3 samples, although there was a variation of ±0.3% 
among samples with x = 0.3 (four with this composition were 
measured). 

Potter et al.4 have given evidence that the magnetism of 
the intergrowths is two dimensional. For T*°*T*, M scales as 
(l-T/T*)ß, where ß= 0.25±0.02 for the x = 0.4 composi- 
tion, which is reminiscent of two-dimensional (2D) behavior. 
For the x = 03 composition, three transitions in the M vs T 
data are observed, as displayed in Fig. 3, indicating the pres- 
ence of three different distributions of intergrowths. It was 
therefore not possible to obtain an exponent for * = 0.3. 

Another experimental observation that strongly supports 
the influence of the intergrowths above Tc is the fact that 
hysteresis loops measured with the field along the c axis are 
much harder than those measured with the field in the a-b 
plane [see Fig. 5(a)]. This is consistent with the picture of 
two-dimensional intergrowths running parallel to the a-b 
plane. Such inclusions are magnetically hard along the c 
axis, due to shape anisotropy, in contrast with the easy axis 
anisotropy along the c axis observed below Tc for the intrin- 
sic material. Were the magnetic signal above Tc to be due to 
intralayer correlations only (the model proposed in Ref. 3), 
there would not necessarily be an anisotropy in the magne- 
tization loops. 

V. CONCLUSIONS 

The two-layered Ruddlesden-Popper phase 
SrO(La,_JCSrxMn03)2, with x = 0.3 and 0.4, exhibits CMR 
at Tc at low H and a magnetic anisotropy which is strongly 
composition-dependent. The magnetic order observed for T 
> Tc includes not only the short-range order response of the 
intrinsic material, but a minor ferromagnetic signal evident at 
low fields due to intergrowths. These intergrowths are clearly 
visible in TEM images and exhibit novel two-dimensional 
magnetism. The intergrowths are magnetically hard along 
the c axis in the x = 0.3 material, despite the fact that the c 
axis is easy for this composition. We find that the x = 0.3 and 

50 nm 

FIG. 9. Bright-field micrograph of the A: = 0.3 composition showing (a) perfect crystal, (b) crystal with intergrowths. In (b) the intergrowths are visible as 
vertical streaks in the photograph running parallel to the a-b plane. 
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0.4 compositions differ strongly only in the magnetic anisot- 
ropy of the intrinsic material, not in the temperature depen- 
dence of the resistivity or magnetization. 
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The magnetic properties and the microstructure of Nd-Fe-B and Nd-Fe-Co-Ga-B die upset 
magnets produced from amorphous materials were studied. The Nd-Fe-B die upset magnets had 
fine polygonal Nd2Fei4B grains and showed magnetic anisotropy. The compositional modification 
and optimization of the die upset condition led to the increase in the remanence and coercivity 
values of the Nd-Fe-B die upset magnets. The optimally deformed Nd-Fe-Co-Ga-B die upset 
magnets showed the maximum energy product of 54.4 MGOe. © 1998 American Institute of 
Physics. [S0021-8979(98) 15011-9] 

INTRODUCTION 

The maximum energy products of Nd-Fe-B magnets, 
which are usually produced by sintering and melt- 
spinning,1'2 are dependent on the degree of the crystallo- 
graphic alignment of the Nd2Fe14B phase. In the sintered 
magnets, alignment of the Nd2Fe14B phase is achieved by the 
prior green compaction of the crushed ingot powders in an 
applied magnetic field.1 Nd-Pr-Dy-Fe-B sintered magnets 
with the highest maximum energy product of 54.2 MGOe 
have been reported.3 On the other hand, alignment of the 
Nd2Fe14B phase is achieved by die upsetting in the melt- 
spinning approach.4 Amorphous melt-spun ribbons are com- 
minuted and then are consolidated into bulk form by hot 
pressing before die upsetting. Although as-hot-pressed mag- 
nets have randomly oriented Nd2Fe14B grains, subsequent 
die upsetting gives rise to the crystallographic alignment of 
the Nd2Fe14B phase.5'6 Even though the die upset magnets 
have some advantages such as the finer Nd2Fe14B grains and 
lower oxygen content than the sintered counterparts, the 
maximum energy product of the die upset magnets are not 
yet comparable to those of the sintered counterparts. The 
optimization of the processing will lead to further improve- 
ment of the crystallographic alignment of the Nd2Fe14B 
phase in the die upset magnets, thereby enhancing the maxi- 
mum energy product. 

In the die upset magnets, the inhomogeneity of the as- 
hot-pressed magnets deteriorates the crystallographic align- 
ment of the Nd2Fe14B phase during the die upsetting.7 It has 
been reported that the Nd-Fe-B die upset magnets produced 
from the amorphous materials with the homogeneous micro- 

a)Electronic mail: tetsuji@cc.it-chiba.ac.jp 

structure exhibit the higher maximum energy products than 
those produced from the as-hot-pressed magnets.8 In this 
study, we are trying to improve the maximum energy prod- 
ucts of the die upset magnets produced from the amorphous 
materials by optimizing the composition and the processing 
conditions. The magnetic properties and the crystallographic 
alignment of the die upset magnets produced from the amor- 
phous materials are compared to those of the die upset mag- 
nets produced from the as-hot-pressed magnets. 

EXPERIMENT 

Nd135Fe805B6,        Nd13.5(Feo.975Coao25)8o.5B6, and 
NdI3 5(Fe0 975Co0 025)80Gao 5B6 alloy ingots were melt-spun in 
argon onto a copper substrate rotating at a surface velocity of 
52 m s_1. The melt-spun ribbons were comminuted and filled 
into a steel container. The powders were dynamically com- 
pacted at a shock pressure of 21 GPa by the impact of a flyer 
launched by a 25 mm propellant gun. The propellant gun 
facilities and process have been described in detail 
elsewhere.9 The consolidated powders were taken out from 
the container by lathing. Typical dimensions of the bulk ma- 
terials were 20 mm thick and 25 mm in diameter. For com- 
parison, the melt-spun ribbons were consolidated into bulk 
form by hot pressing. The bulk materials and the as-hot- 
pressed materials were deformed by die upsetting at a reduc- 
tion rate of about 5 X 10~2 mm s"1. The thicknesses of the 
specimens were successfully reduced from 20 to 4 mm at 
temperatures between 963 and 1073 K in an argon atmo- 
sphere. 

The specimens were examined by x-ray diffraction 
(XRD) using Cu Ka radiation. The microstructures of the 
specimens were examined under a transmission electron mi- 

0021-8979/98/83(11 )/6390/3/$15.00 6390 11998 American Institute of Physics 
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FIG. 1. XRD patterns of (a) bulk materials of Nd135Fe8( 

those die upset at 1023 K. 
5B6 alloy and (b) 

croscope (TEM). In the die upset specimen, the cross- 
sectional microstructures parallel to the die upset direction 
were investigated. The magnetic properties of the specimens 
were determined by a recording fluxmeter with a maximum 
applied field of 25 kOe after premagnetization in a field of 
150 kOe. 

RESULTS AND DISCUSSION 

Figure 1 shows the XRD patterns of the bulk materials 
of the Nd13 5Fe805B6 alloy and those die upset at 1023 K. 
The XRD pattern of the bulk materials shows only a fairly 
broad peak at around 40°, which is a characteristic of an 
amorphous structure. This indicates that the bulk material 
produced from the melt-spun ribbons maintains the amor- 
phous state. On the other hand, the XRD pattern of the die 
upset specimen is well indexed according to the tetragonal 
Nd2Fe14B phase. This suggests that the heat exposure during 
the die upsetting of the amorphous bulk materials results in 
the crystallization of the Nd2Fe14B phase as is the case for 
the die upsetting of the as-hot-pressed magnets.4'6 

Figure 2 shows the TEM micrographs of the bulk mate- 
rials of the Nd13 5Fe80 5B6 alloy and those die upset at 1023 
K. The microstructure of the bulk material is featureless, and 
the corresponding selected area diffraction (SAD) pattern of 
the specimen shows a diffuse halo. This suggests that the 
bulk material consists of the amorphous phase. In the die 
upset specimen, the polygonal crystallites with an average 

(a) (b) 

ilOOnm lOOnm; 

FIG. 2. TEM micrographs of (a) bulk materials of Nd135Fe805B6 alloy and 
(b) those die upset at 1023 K. 
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FIG. 3. Demagnetization curves of (a) bulk materials of Nd13 5Fe805B6 alloy 
and those die upset at 1023 K. The die upset specimens were measured in 
the (b) parallel and (c) normal to the die upset direction. 

diameter of about 0.1 /urn are seen in the microstructure. 
This indicates that the die upset magnets produced from the 
amorphous bulk materials consists of fine Nd2Fe14B grains 
with the polygonal shape. 

Figure 3 shows the demagnetization curves of the bulk 
materials of the Nd13 5Fe80 5B6 alloy and those die upset at 
1023 K. The coercivity of the bulk material remains as low 
as that of amorphous melt-spun ribbons. The die upset speci- 
men shows the high coercivity value. This is due to the fine 
Nd2Fe14B grains of the die upset magnets. The anisotropy of 
the die upset magnets is characterized by the significantly 
higher remanence in the parallel direction than in the normal 
direction. The Nd13 5Fe80 5B6 die upset magnets show a maxi- 
mum energy product of 47.7 MGOe with an intrinsic coer- 
civity of 7.3 kOe. The increase in the coercivity value of 
Nd135Fe805B6 die upset magnets would give the magnets 
with the excellent high maximum energy products. 

Figure 4 shows the dependence of the maximum energy 
product of the die upset magnets on the die upset tempera- 
ture. The substitution of Co or Ga for Fe of the 
Nd13 5Fe80 5B6 alloy results in the increase of the optimal die 
upset temperature to obtain the high maximum energy prod- 
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FIG. 5. XRD patterns of Nd13 5(Fe0975Co0o25)8oGao5B6 die upset magnets 
produced from (a) amorphous bulk materials and (b) as-hot-pressed 
magnets. 

ucts. The TEM studies revealed that the resultant die upset 
magnets consisted of the polygonal Nd2Fe14B grains as fine 
as the Nd13 5Fe80 5B6 die upset magnets. The substitution of 
Co or Ga for Fe of the Nd13 5Feg05B6 die upset magnets led 
to the improvement of the coercivity and the maximum 
energy products of the Nd-Fe-B die upset magnets as 
is the case for the die upset magnets produced from 
the as-hot-pressed magnets.6 The resultant 
Nd13.5(Fe0975Co0025)8oGa05B6 die upset magnets exhibit a 
maximum energy product of 54.4 MGOe with an intrinsic 
coercivity of 12.5 kOe. 

The XRD patterns of the Nd13.5(Fe0.975Co0.025)80Ga0 5B6 

die upset magnets produced from the amorphous bulk mate- 
rials and the as-hot-pressed magnets are shown in Fig. 5. The 
polished surfaces of the die upset specimens were examined. 
Even though both XRD patterns show the pronounced c-axis 
alignment of the Nd2Fe14B phase, which is characterized by 
the prominent (004) and (006) peaks, the die upset magnets 
produced from the amorphous bulk materials have the higher 
ratio of the (006) to (105) peaks than those produced from 
the as-hot-pressed magnets. This indicates that the die upset 
magnets produced from the amorphous bulk materials have 
the higher crystallographic alignment of the Nd2Fe14B phase 
than those produced from the as-hot-pressed magnets, which 
are characterized with the platelike Nd2Fe14B grains.5 

The demagnetization curves of these die upset magnets 
are shown in Fig. 6. The NdI35(Fe0975Co0025)80Ga05B6 die 
upset magnets produced from the as-hot-pressed magnets 
show a maximum energy product of 50.2 MGOe with an 
intrinsic coercivity of 13.2 kOe. This value is almost compa- 
rable to that of the best die upset magnets.10 The observed 
higher remanence value of the die upset magnets produced 

-15        -10 
H (kOe) 

FIG. 6. Demagnetization curves of Nd,3 5(Fe0975Co0025)8oGa0 5Bt) die upset 
magnets produced from (a) amorphous bulk materials and (b) as-hot-pressed 
magnets. 

from the amorphous bulk materials is due to the higher crys- 
tallographic alignment of the polygonal Nd2Fe14B grains. 
The detailed TEM studies revealed that the die upset mag- 
nets produced from the as-hot-pressed magnets contained 
similar polygonal Nd2Fe14B grains together with the typical 
platelet shaped grains.11 Therefore, the further optimization 
of the hot pressing and die upsetting conditions would lead 
to an increase in the maximum energy product of the die 
upset magnets produced from the as-hot-pressed magnets. 
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The die upset of hot pressed NdFeB magnets modifies the equiaxed grains to platelets, develops the 
c-axis texture parallel to press direction, and improves magnetic properties. The mechanism of 
c-axis alignment has been suggested to be a combination of grain-boundary sliding and anisotropic 
grain growth in a direction normal to the applied stress. To clearly understand the role of 
deformation process in grain-boundary sliding or anisotropic grain growth simulations of the 
die-upset process were performed using ANATARES, a three-dimensional finite element method 
based deformation modeling software. The stresses and strains in the different regions of a 
cylindrical Nd-Fe-B magnet at different stages of the die-upset process were determined. The 
average value of the maximum principal stress (parallel to the upset direction) and total effective 
strain increased as the upset increased from 50% to 70%. The maximum principal stress and total 
effective strain show a maximum at the center and decrease in both the thickness and the radial 
direction due to friction at the die-wall/magnet interface. The stress and effective strain uniformity 
improves with increase in upset. The data agree well with the variations of texture in the magnet 
observed using pole figure measurements in this study and texture studies using a synchrotron 
source.   © 1998 American Institute of Physics. [S0021-8979(98) 16511-8] 

I. INTRODUCTION 

The magnequench process for the production of Nd-Fe- 
B -based magnets consists of melt spinning the alloy to pro- 
duce ribbons, milling of melt-spun ribbons to powder, fol- 
lowed by hot pressing and die upsetting.1-4 The optimally 
quenched melt-spun ribbons have equiaxed and randomly 
oriented Nd2Fei4B (2-14-1) grains. Hot pressing of ribbon 
powder achieves complete densification and a desired shape 
while maintaining essentially an isotropic structure and mag- 
netic properties. The subsequent hot deformation process 
modifies the equiaxed grains to platelets with increase in 
grain size. These platelets are stacked with the c axis perpen- 
dicular to the face of the grains. The mechanism of c-axis 
alignment has been suggested to be by a combination of 
grain-boundary sliding and anisotropic grain growth in a di- 
rection normal to the applied stress.5'6 The amount of c-axis 
alignment with the press direction, measured using x-ray dif- 
fraction techniques, has been shown to depend on the 
amount of deformation. In addition, the strain distribution in 
a magnet deformation at a given level is expected to be non- 
uniform due to friction between the die wall and the magnet. 
The friction coefficient between the die wall and magnet is 
sensitive to the surface conditions, deformation temperature, 
the lubricant, and the load. Thus, depending on the die-upset 
process conditions, the stress and strain distribution will vary 
and this is expected to influence the texture, and hence, the 
magnetic properties. The nature of the strain and stress dis- 
tribution in the magnet during the different stages of the 
upset deformation is very critical in understanding the tex- 
ture development in these magnets. To the best of our knowl- 
edge, no detailed analysis of how the local stress and strain 

influence the crystallographic alignment by grain-boundary 
sliding and anisotropic grain growth has thus far been per- 
formed. In this work, an assessment of stresses and strains in 
the magnet is made by a simulation of the die-upset process 
and is correlated with texture measurements made using x- 
ray diffraction. 

II. EXPERIMENTAL WORK 

NdFeB magnets were die upset to 50%, 60%, and 70% 
deformation and the texture in these magnets were evaluated 
using x-ray pole figures. Simulation of the die-upset process 
for NdFeB magnets was done using "ANTARES," a finite- 
element-based plastic deformation modeling software for the 
cases of 50%, 60%, and 70% upsets. An initial strain rate of 
2X 10~2 and a temperature of deformation of 800 °C was 
assumed. The material was assumed to exhibit a deformation 
behavior by the equation 

where (T° = flow stress at e=0, k = constant, e= strain, e 
= strain rate, n = strain hardening factor, and m = strain rate 
sensitivity factor. For the die material, the property data used 
corresponded to H-ll tool steel. The data for Nd-Fe-B used 
were obtained from the work of Yoshikawa et al? A friction 
coefficient of 0.3 was used for the magnet/die interface lu- 
bricated with graphite. 

III. RESULTS AND DISCUSSION 

Typical deformation geometry used for die-upset simu- 
lation is shown in Fig. 1(a). The diameter of the billet is 18 
mm and the length of the billet varies slightly depending on 
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(a) 
FIG. 2. Principal stress contours at the end of 60% die-upset deformation. 

(b) 

FIG. 1. Typical deformation (a) at the end of the die upset and (b) at an 
intermediate stage of the die upset. Axis of symmetry is along the left edge. 
A, B, and C refer to the magnet, top punch, and bottom die, respectively. 

the die upset required. Each % upset requires a different die 
set with appropriate diameter and depth of the cavity. The 
geometry of the billet at each incremental step of the punch 
movement can be obtained, and Fig. 1(b) presents the billet 
mesh geometry at an intermediate stage of the die-upset pro- 
cess. The barreling of the billet results from (i) the friction at 
the top punch/billet interface and the die/billet interface, and 
(ii) the temperature variation across the billet due to heat 
transfer across the die-billet interfaces and billet/protective 
gas interface. Near the end of the deformation process, the 
barreled surface of the billet makes contact with the lateral 
faces of the die, and the flow patterns in peripheral regions 
become complex. The values of different stress, strain, strain 
energy, temperature, and other parameters are obtained at 
every stage of the process. Of importance are the principal 
stress and effective strain values. The principal stress is 
nearly parallel to the axis of the magnet and the effective 
strain is proportional to the strain in the direction parallel to 

the axis of the billet (ezz). Figures 2 and 3 present the prin- 
cipal stress and effective strain contours in the magnets at the 
end of deformation for the 60% die-upset magnets. It has 
been observed that grain growth along the a axes that are 
normal to the applied stress is favored. The principal stress- 
time-temperature profile is thus important in assessing the 
contribution of the anisotropic growth. The effective strain 
could also be more directly correlated with the grain rotation 
and anisotropic grain growth, and the crystalline alignment. 
For the case of the 50% die-upset magnet (Fig. 4), the effec- 
tive plastic strain varies from 53.27% at the center of the 
bottom and top face to a value of 79.81% at the central 
region of the magnet. This suggests that the crystalline tex- 
ture must vary significantly across the magnet. For the case 
of 60% deformation (Fig. 3), the effective strains at all the 
different locations have increased. At the center of the bot- 
tom and top faces, the effective strain is 59.29% compared to 
the value of 53.27% for 50% deformation. The center of the 
magnet experienced an effective strain of 107.62%. For the 
70% upset magnet (Fig. 5), these values increased to 71.74% 
for the center of the top and bottom faces and 145.91% for 
the central region of the magnet. In these three figures, the 
lateral confinement by the cylindrical bottom die face, and 
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FIG. 3. Effective strain contour at the end of 60% die-upset deformation. 
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FIG. 4. Effective strain contour at the end of 50% die-upset deformation. 

the extrusion of the magnet through the clearance between 
the punch and bottom die result in a highly nonuniform 
strain distribution in the corner regions. The average strain 
level increases with the increase in the percentage of the die 
upset, and therefore, the overall texture should increase with 
percentage of the die upset. However, the large variation in 
the effective strain should also lead to extensive variation in 
texture across the magnet, and therefore, the magnetic prop- 
erties are expected to be nonuniform. There may, however, 
be a critical effective strain level above which there is no 
further improvement in texture. If this critical level is ex- 
ceeded at all the locations of the magnet, then a complete or 
limiting (006) texture would have been achieved. The effec- 
tive strain variation in the radial direction is much less com- 
pared to the variation in the thickness direction, except for 
the region near the edge of the magnet. 

The deformation modeling work is consistent with the 
texture measurements made in these die-upset magnets. The 
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FIG. 5. Effective strain contour at the end of 70% die-upset deformation. 

(b) 

FIG. 6. Three-dimensional partial (006) pole figure from (a) 0.5 mm depth 
and (b) 1.0 mm depth of the 60% die-upset magnet. 

(006) pole figures from a 0.5 mm depth are shown in Fig. 
6(a) and those for a 1.0 mm depth are shown in Fig. 6(b). 
Their W50 values are 26.3° and 24.0° for the 0.5 and 1.0 mm 
depths, respectively. They again show that the crystallo- 
graphic alignment is enhanced as one moves from the sur- 
face toward the center of the magnet. This observation is as 
expected from the deformation modeling. The larger strain 
produced a stronger (006) texture. It also suggests that fric- 
tion between the sample and punch affects the crystal align- 
ment near the sample surface. The results from the modeling 
work are also consistent with the study of texture variation 
across the die-upset magnets by Lewis et al.s 

1
 J. Croat, J. F. Herbst, R. W. Lee, and F. E. Pinkerton, Appl. Phys. Lett. 44, 
148 (1984). 

2J. Croat, J. F. Herbst, R. W. Lee, and F. E. Pinkerton, J. Appl. Phys. 55, 
2078 (1984). 

3R. W. Lee, Appl. Phys. Lett. 46, 790 (1985). 
4R. W. Lee, N. Schaffel, and L. Brewer, IEEE Trans. Magn. MAG-21, 

1958 (1985). 
5R. K. Mishra, Mater. Sei. Eng. B 7, 297 (1991). 
6K. Ohmori, L. Li, and C. D. Graham, Jr., IEEE Trans. Magn. MAG-28, 

2139 (1992). 
7N. Yoshikawa, Y. Kasai, T. Watanabe, S. Shibata, V. Panchanathan, and 

J. J. Croat, J. Appl. Phys. 69, 6049 (1991). 
8L. H. Lewis, W. O. Welch, T. R. Thurston, and V. Panchanathan, Pro- 
ceedings of the 9th International Symposium on Magnetic Anisotropy and 
Coercivity in RE-TM Alloys (1996), p. 278. 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Microstructural analysis of strip cast Nd-Fe-B alloys for high (BH)max 
magnets 

J. Bernardia) and J. Fidler 
Institute of Applied and Technical Physics, University of Technology, A-1040 Wien, Austria 

M. Sagawa 
Intermetallics Company Ltd., Nishikyo-ku, Kyoto 615, Japan 

Y. Hirose 
Showa Denko K.K., Chichibu Research Laboratory, Saitama 369-18, Japan 

High energy density magnets >400 kJ/m3 are increasingly used in many applications. Conventional 
casting techniques for sintered magnets reveal the formation of a high quantity of a-Fe and large 
Nd-rich regions. New techniques, like strip casting, produce homogeneous and fine scaled 
microstructures and are already used for producing high (BH)max magnets. The fast cooling rate 
during strip casting suppresses the formation of a-Fe dendrites and of large Nd-rich pockets. 
Directional solidification causes a formation of columnar grains containing a typical arrangement of 
hard magnetic Nd2Fe14B regions and Nd-rich regions. The Nd regions occur as intragranular 
platelets as well as intergranular phases. Intragranular lamellae show a periodicity which 
corresponds to a eutectoidal solidification according to the composition of the liquid and are directed 
parallel to the temperature gradient during solidification. The lamellae show an average width of 
150 nm, a spacing of 3 /ttm, and a length up to the size of the hard magnetic grains. The fine 
separation of the hard magnetic and Nd phases is advantageous for the milling of the alloy after 
hydrogen decripitation and improves sinterability of magnets. Although the microstructure of strip 
cast alloys is much finer than that of ordinary cast alloys, the alignment of the powder is not 
deteriorated and Br is not reduced due to a sufficient large interlamellar spacing between the Nd-rich 
platelets that enables the formation of single crystal powder particles after milling. © 1998 
American Institute of Physics. [S0021-8979(98) 18911-9] 

I. INTRODUCTION 

Sintered Nd-Fe-B-type permanent magnets are widely 
used in applications that require a high energy product/ 
volume ratio in order to reduce weight.1 In addition there is a 
rising demand for magnets with (BH)max higher than 
400kJ/m3. This goal can be reached by shifting the alloy 
composition more towards the stoichiometric Nd2Fe14B com- 
position as well as by improving the alignment of the hard 
magnetic grains during compacting. In addition the distribu- 
tion of phases in the starting alloy can be significantly im- 
proved. Conventional casting techniques reveal the forma- 
tion of a high quantity of precipitated a-Fe that deteriorates 
the powder alignment2 and large Nd-rich regions that are 
very sensitive to oxidation. The a-Fe is formed according to 
the pseudo-binary Fe-(Nd,B) phase diagram, with Nd:B 
=2:1, where the solidification path passes through a region 
(Liq. + Fe) and Fe particles are formed within the liquid.3 

The formation of dendritic a-Fe in cast alloys can be reduced 
by additives like M2=Ti, Nb, Zr, V, Mo, or W that form 
M2-Fe-B borides4 as well as by optimizing the casting 
technique. It has been previously shown that flat cast ingots 
consist of fine grains near the mold surface, columnar grains 
in the central portions, and coarse grains near the free 
surface.5 Reducing the thickness of the ingots from 8.7 to 4.4 
mm resulted in an increase of the amount of columnar grains 

"'Electronic mail: bernardi@email.tuwien.ac.at 

and in a decrease of dendritic a-Fe in the ingot. An improve- 
ment of Br by 5% and (BH)max by 10% of magnets produced 
from that ingot were attributed to a significantly reduced 
presence of dendritic a-Fe causing a better grindability of the 
powder and a better grain alignment. In this article we report 
on the effect of strip casting on the microstructure of Nd- 
Fe-B magnetic material. Materials produced by strip casting 
are already used for high (BH)max magnets. This new tech- 
nique allows large scale production of ingots with a homo- 
geneous and fine scaled microstructures without a significant 
precipitation of a-Fe. The fine dispersion of the rare earth- 
rich phase is important not only for high energy magnets 
having (BH)max of over 400kJ/m3, but also for high coer- 
civity magnets that include high Dy concentrations. In such 
strip cast high Dy alloys Br and (BH)max are improved keep- 
ing the coercive field high because the total rare earth content 
can be substantially decreased without the formation of rare 
earth depleted regions that can deteriorate the squareness of 
the demagnetization curve of sintered magnets. 

II. EXPERIMENT 

The investigated samples with the composition 
(Nd,Dy)i4pl(Fe,Al)g0B5_9 were produced by strip casting, a 
technique similar to melt spinning, using a wheel speed of 1 
m/s. The platelike casted alloy shows a typical thickness of 
250-350 /urn and a width of several centimeters. The 
samples were investigated by optical microscopy with polar- 
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FIG. 1. Optical micrograph of the cross section of strip cast 
(Nd,Dy)141(Fe,Al)80B59 showing the columnar growth of hard magnetic 
grains starting at nucleation centers (C) and the magnetic domains structure 
inside the columnar grains. 

ized light as well as by scanning electron microscopy (SEM) 
and transmission electron microscopy (TEM). 

III. RESULTS AND DISCUSSION 

The typical microstructure of the strip cast alloy parallel 
to the direction of solidification observed with polarized light 
is shown in Fig. 1. Solidification of the melt starts at nucle- 
ation centers (C) at the wheel side of the strips. The distance 
between individual centers is 50-120 fim. Starting from 
these nucleation sites, a columnar structure of hard magnetic 
grains is formed due to directional solidification. The growth 
direction of the grains is typically the direction of the heat 
flow during solidification. The columns grow within a cone 
with an opening angle 60°-80° towards the free surface of 
the strips. The diameter of the individual grains perpendicu- 
lar to the growth direction is 5-25 fim close to the wheel 
side and 25-60 /an close to the free surface side (Fig. 2), 
respectively. 

The columnar grains consist of a hard magnetic phase, 
which is proven by the existence of the magnetic domain 
pattern in that structure. The orientation of the domain walls 
visible with polarized light indicates that the growth direc- 
tion of these columns within the cone does not correspond 
with either (100), the easy growth axis of the tetragonal 
2:14:1 structure,6'7 or (001). A columnar dendritic 2:14:1 
structure with a growth direction parallel to (001) was pre- 

FIG. 2. Optical micrograph taken parallel to the surface of the strips near the 
free surface side. 

FIG. 3. SEM micrograph of the polished cross section of the strip cast alloy 
showing the distribution of hard magnetic phase (dark) and Nd-rich phase 
(bright) in backscattered mode. 

viously observed in splat cooled Nd15Fe77B8 magnets. A 
preferred c axis texture normal to the ribbon plane was also 
observed in melt spun Nd16Fe76B8 ribbons.9 Close to the 
wheel side between the nucleation sites, smaller elongated 
grains are formed with a growth direction more parallel to 
the surface. In these grains the domain walls tend to be ori- 
ented perpendicular to the surface, indicating a preferred 
(100) growth direction of the magnetic grains in that region. 
Within the large dendritic columns of the 2:14:1 phase a thin 
plateletlike phase is formed parallel to the growth direction. 
The occurrence of this intragranular layered structure does 
not usually influence the domain structure of the hard mag- 
netic grains (compare Fig. 1). Figure 3 shows a SEM back- 
scattered electron micrograph of a strip cast sample perpen- 
dicular to the wheel side. The hard magnetic grains appear as 
dark areas. Thin bright regions which occur with a certain 
periodicity within the hard magnetic grains and at grain 
boundaries consist of the Nd-rich phase. There is no indica- 
tion for the formation of dendritic a-Fe or a significant 
amount of additional phases like Nd1+<Fe4B4 formed during 
solidification. The lamellar arrangement of the two phases 
that are oriented parallel to the temperature gradient is char- 
acteristic for a eutectoidal solidification. The interlamellar 
spacing between the Nd-rich platelets is about 3 /mi and is 
controlled by the temperature gradient during solidification 
as well as the composition of the liquid. 

The orientation relationship between the Nd-rich intra- 
granular platelets and hard magnetic matrix grains was fur- 
ther investigated by TEM. Figure 4 shows the typical micro- 
structure of a columnar 2:14:1 grain in the center of a strip 
viewed perpendicular to the direction of solidification. Hard 
magnetic grains are separated by intragranular Nd-rich 
lamellae with a thickness of 60-150 nm. Within a grain all 
hard magnetic regions show the same crystallographic orien- 
tation. Close to grain boundaries the Nd-rich intragranular 
regions are also found with more irregular shapes. 

At grain boundaries and especially at grain boundary 
junctions, intergranular Nd-rich phases are found. Selected 
area electron diffraction (SAD) confirms that the Nd-rich 
platelets as well as the intergranular Nd-rich phases mainly 
occur as fee Nd and less frequently as Nd oxide. X-ray spec- 
tra show that there is usually a significant amount of Fe 
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FIG. 4. TEM micrograph of strip cast (Nd,Dy)141(Fe,Al)80B5(, showing 
intragranular Nd-rich platelets embedded in a hard magnetic grain. The dif- 
fraction pattern of the marked region shows diffraction spots from the te- 
tragonal Nd2Fe|4B phase and of the fee Nd-rich lamella. 

dissolved within the Nd-rich phases. During the TEM inves- 
tigation no a-Fe or Nd1+<Fe4B4 was detected. The analysis of 
various diffraction patterns revealed that most of the lamel- 
lae are formed parallel to the {1,1,-1} plane of the tetragonal 
2:14:1 phase. 

Good magnetic properties require a homogeneous distri- 
bution of all phases and dopant elements throughout the cast 
material. Traditional casting techniques can cause a segrega- 
tion of individual phases depending, e.g., on the geometry of 
the casting mold, composition, or cooling rate, and therefore 
lead to strong inhomogeneities of the microstructure and the 
chemical composition.2'5'10 The strip casting technique en- 
ables a fine separation of hard magnetic and rare earth-rich 
phases in the cast alloys. The merits of using strip cast alloys 
as a starting material for high performance Nd-Fe-B mag- 
nets are as follows: 

(1) The rapid solidification process prevents the forma- 
tion of large dendritic a-Fe grains in the cast alloy without 
the need of isothermal annealing even if the total rare earth 
content is reduced in order to produce high (BH)max mag- 

nets. The sufficiently large interlamellar spacing of about 3 
/um between the Nd-rich platelets in the columnar Nd2Fei4B 
grains is crucial in order to enable the formation of single 
crystal powder particles after HD treatment and jet milling 
necessary for optimum alignment of the particles and for 
high Br in the magnets. 

(2) The homogeneous fine scale microstructure, contain- 
ing a high amount of thin rare earth-rich platelets, leads to a 
high density of fine pre-cracks after hydrogen decrepitation. 
That and the lack of large dendritic a-Fe grains improves the 
crushability of strip cast alloys significantly. 

(3) The good dispersion of rare earth-rich phases in the 
strip cast alloys leads to an optimum distribution of liquid 
phase during sintering and enables the production of high 
density magnets with high coercive fields even at lower sin- 
tering temperatures. The total rare earth content can be de- 
creased by using strip casting without the formation of rare 
earth depleted zones in the magnets. That is essential for 
high (BH)max magnets but also in the case of magnets with 
high Dy content in order to improve the remanence and 
(BH)max while keeping high ,HC. 
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Undercooled Nd-Fe-B melts with compositions near the Nd2Fe14B phase (<J> phase) were studied 
by the electromagnetic levitation technique. In situ measurements of the solidification kinetics were 
accomplished and melt drops with controlled undercooling were quenched onto chill substrates in 
order to reveal the solidification sequence and microstructure formation processes. Crystal growth 
velocities of the <t> phase of the order of 1 mm s"1 were estimated from in situ measurements. 
Consistent with the nucleation theory, which predicts primary y-Fe phase crystallization up to 650 
K undercooling for the stoichiometric alloy, y-Fe nucleation could not be avoided during 
undercooling but the quenching of the melt drops led to dissolution of the y-Fe nuclei during 
3>-phase formation. The y-Fe phase growth was suppressed in a seam adjacent to the chill surface, 
whereas Fe dendrites occurred in the remaining parts of the quenched samples. Reduced solute 
rejection on growth is believed to be responsible for the preferred metastable 4>-phase formation 
from the undercooled melt on chill substrates. The investigation gives some clues to understand 
different microstructures and magnetic properties of powder precursors for permanent magnets 
obtained from different rapid solidification routes. © 1998 American Institute of Physics. 
[S0021-8979(98)15111-3] 

I. INTRODUCTION 

Commercial Nd-Fe-B permanent magnets are usually 
prepared by sintering or rapid quenching methods.1' The 
Nd2Fei4B compound exhibits a high saturation magnetiza- 
tion and a strong magnetocrystalline field. These properties 
are the physical conditions for excellent permanent magnets. 
However, different magnetic properties are obtained using 
various processing techniques due to different microstruc- 
ture. The determination of the crystallization behavior and 
the resulting microstructure are still under study. Detailed 
knowledge of the solidification behavior is essential espe- 
cially for the development of alloys with novel properties. 
The solidification processes in rapid solidification techniques 
are hardly accessible to direct observation. Therefore, the 
purpose of this article was a study of crystallization pro- 
cesses of Nd-Fe-B melts by the containerless electromag- 
netic levitation method. This technique permits in situ mea- 
surements of the solidification kinetics of undercooled melt 
drops during the recalescence stage. Moreover, melt drops 
with controlled undercooling levels have been quenched onto 
copper substrates and copper-tin-coated substrates, respec- 
tively, in order to reveal the as-solidified microstructure. 

II. EXPERIMENT 

Three different Nd-Fe-B master alloys were prepared 
from pure Nd and Fe-B alloy by arc melting under argon 
atmosphere. Composition A is the stoichiometric 
Ndj! 8Fe82.3B5 9 alloy. Composition B is a hypostoichiomet- 

inFe83 5B55 alloy and composition C is a hyper- ric NdK 

stoichiometric Nd15 gFe76 3B7 9 alloy. Spheres of about 6 mm 

"'Electronic mail: R.Hermann@IFW-Dresden.de 

in diameter and about 1.2 g mass were containerless melted 
and solidified in an electromagnetic levitation facility under 
helium gas atmosphere. The molted samples were cooled by 
a gas stream enabling cooling rates of about 10 K s_1. The 
temperature of the sample was monitored by a two- 
colorpyrometer with a sampling rate of 50 Hz and a relative 
accuracy of ± 3 K. For measuring and resolving the fast re- 
calescence time a modified single-reflex camera with a sili- 
con diode in its focal plane was used enabling sample rates 
of 500 MHz. The sampling rate of the transient recorder was 
1.5 MHz. A detailed description of the facility is given 
elsewhere.3 Melt drops of well defined undercooling level 
were quenched on a copper substrate and a copper substrate 
which was coated with tin to enhance the interfacial heat 
transfer. Immediately after nucleation the drops solidify with 
a preferred heat flow into the undercooled melt but with a 
heat transfer into the chill substrate as well. The as-solidified 
melt drops were investigated by digitally enhanced Kerr mi- 
croscopy and scanning electron microscopy. 

III. RESULTS 

A. Time-temperature characteristic 

The solidification of the undercooled melt drop starts by 
spontaneous nucleation or can be initiated by triggering at a 
well defined undercooling level. The photodiode does not, in 
principle, allow one to determine an absolute temperature, 
but the two-color pyrometer could be used to set the tem- 
perature scale in order to compare the results with the equi- 
librium phase diagram. Figure 1 shows typical temperature- 
time profiles of the three investigated Nd-Fe-B compounds. 
The stoichiometric sample [Fig. 1(a)] was melted at Tm 

= 1520 K and initially superheated. After cooling down be- 

0021 -8979/98/83(11 )/6399/3/$15.00 6399 © 1998 American Institute of Physics 
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FIG. 1. Temperature-time characteristic of double recalescence events of: 
(a) a stoichiometric Nd-Fe-B alloy at an undercooling level of 170 K (with 
respect to the liquidus temperature), (b) a hypostoichiometric Nd-Fe-B 
alloy at an undercooling level of 165 K, (c) a hyperstoichiometric Nd-Fe-B 
alloy at an undercooling level of 130 K. 

low the melting temperature, the solidification of the sample 
occurs at 1350 K, corresponding to an undercooling level of 
A!T= 170 K. The solidification process consists of two steps. 
The first step can be attributed to a small amount of y-Fe 
phase nuclei at about 1460 K, whereas the drop is still under 
undercooling. The second step starts with the solidification 
of the <& phase. Assuming that the solidification front is pla- 
nar, the growth velocity of the $ phase can be estimated to 
1.2mms_1. The resulting time of crossing the planar front 
through the viewing field of the diode (0.88 mmX0.88 mm) 
was measured to 720 ms. Figures 1(b) and 1(c) show the 
corresponding temperature-time profile of the hypostoichio- 
metric and hyperstoichiometric sample, respectively. It is of 
interest to note that all three alloys show the small recales- 
cence step of y-Fe phase nucleation independent of the 
achieved undercooling level. 

B. Phase analysis of as-solidified samples 

The in situ observation of undercooled melts is an im- 
portant tool for investigation of rapid solidification. Never- 
theless, the microstructure of the as-solidified sample has to 
be investigated. The arc-melted master alloys show different 
microstructures. In alloys A and B y-Fe dendrites are clearly 
visible whereas alloy C does not contain any y-Fe dendrites. 
Figure 2 shows the backscattering electron (BSE) micro- 
graphs of a sample of alloy B, undercooled at about 150 K 
prior to solidification and subsequently quenched on a 
copper-tin-coated substrate. Immediately on the strongly 
separated tin layer a nonfeatured layer of about 100 yum has 
been developed, responsible for pure metastable 4> phase 
electron probe microanalysis investigation, Fig. 2(a)]. The 
relatively sudden transition to the structured layer shows the 
beginning decomposition into Fe-rich phases and the growth 
of Nd2Fe14B needles [see Figs. 2(a) and 2(b)]. Finally, the 
growth of Fe dendrites and the separation of Nd-rich phases 
in the interdendritic region indicate the transition to equilib- 
rium solidification [Fig. 2(c)]. 

'"'So? 

FIG. 2. BSE micrographs of alloy B, undercooled at about 150 K prior to 
chilling on a copper-tin-coated substrate: (a) featureless Nd2Fe,4B phase 
layer near the chill substrate, (b) growth of Nd2Fe|4B needles and Fe-rich 
phases, (c) growth of Fe dendrites near the top of the sample. 
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On the other hand BSE micrographs of samples 
quenched on a copper substrate prior to solidification, show 
that Fe dendrites have been grown directly in the quenched 
region. The heat transfer was not sufficient for the formation 
of pure metastable <& phase even at the stoichiometric alloy. 
These microstructures indicate that both critical undercool- 
ing and rapid quenching are necessary for the growth of the 
metastable $ phase. 

IV. DISCUSSION 

The as-solidified microstructure of Nd-Fe-B alloys is 
determined by nucleation and growth processes of the com- 
petitive phases, notably y-Fe and <5 phase, and post- 
solidification transformations as well. The homogeneous 
nucleation rates of y and <J> phase, Iy and /$, respectively 
were estimated as functions of melt undercooling on the ba- 
sis of thermodynamic and kinetic data given by Clavaguera 
and Diego.4 For the stoichiometric melt composition, the 
nucleation of the properitectic y-Fe phase dominates in a 
wide undercooling range below the liquidus temperature 
Tly. The crossing point with the /$ is about 650 K below 
the liquidus temperature, outside the range of experimental 
accessibility. In principle, the nucleation and growth of the <J> 
phase can arise in the primary y-Fe phase field well above 
the peritectic temperature if a critical undercooling below the 
metastable liquidus temperature T^y is achieved.5'6 The time- 
temperature characteristics of levitated samples indicate that 
y-Fe nucleation could not be avoided on slow cooling of the 
levitated samples. This becomes apparent from the small dip 
near the liquidus temperature T, y. The residual melt, how- 
ever could be undercooled by a considerable amount of 
>170K below Tly. Accordingly a very distinct recales- 
cence event was obtained due to the growth of the <& phase 
from the undercooled melt. The microstructural features in- 
dicate that both melt undercooling and fast cooling were nec- 
essary for the growth of the metastable <5 phase. Quenching 
of the undercooled melt drops onto the copper-tin-coated 
substrate led to a wide seam of more than 100 /urn thickness 
free of y-Fe dendrites even for hypostoichiometric melt al- 
loys. More distant from the chill surface the growth of 
Nd2Fe14B needles continued with apparent Fe segregation in 
the interdendritic regions before y-Fe dendrites indicate the 
transition to the equilibrium solidification mode. The reason 

for the possible suppression of the y-Fe equilibrium phase 
dendrites and preferred growth of the metastable <3E> phase is 
its smaller composition deviation from the melt, which leads 
to less solute rejection at the growth front.6 This behavior is 
typical of various peritectic alloys.7 This first attempt of Nd- 
Fe-B melt undercooling experiments shed some light onto 
the obvious differences in microstructure and magnetic prop- 
erties of powder precursors for Nd-Fe-B hard magnetic ma- 
terials obtained from different rapid solidification techniques. 
In hyperstoichiometric inert-gas-atomized Nd-Fe-B par- 
ticles properitectic y-Fe precipitations depending on droplet 
size were found,8 whereas thin melt spun ribbons often ex- 
hibit an overquenched amorphous state from which the <& 
phase can evolve. There is an apparent difference in the ther- 
mal history of both rapid solidification techniques. IGA par- 
ticles are exposed to moderate cooling rates of 
103—105 Ks"1 by the gas stream. High undercooling of 
droplets prior to solidification is expected, which is a behav- 
ior similar to levitated samples. In melt spinning there is a 
vigorous heat transfer from a thin melt film to the chill sub- 
strate, which can lead to a dynamic undercooling and finally 
quenching the melt into the amorphous state before nucle- 
ation of crystalline phases because of cooling rates as high as 
106 Ks"1. 
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High performance Nd-Fe-B sintered magnets made by the wet process 
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Saitama 360, Japan 
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The wet process for the fabrication of Nd-Fe-B sintered magnets has been developed on the mass 
production scale. In this process, mineral oil is used as a solvent to prevent the milled powder and 
green bodies from oxidation. It is removed before sintering. As a result, the oxygen uptake during 
storage is less than 0.01 wt %/day. By reducing the oxygen content and the total rare earth (TRE) 
content in sintered magnets to less than 0.2 and 29.3 wt %, respectively, magnets with (Z?//)max/,//c 

greater than 50 MGOe/10 kOe, 45 MGOe/15 kOe, and 32 MGOe/32 kOe were obtained with high 
reliability. The magnets produced by this wet process also show better corrosion resistance and 20% 
higher mechanical strength than those made by conventional methods. These characteristics may be 
explained by a smaller grain size, smaller TRE content, and higher density produced by the wet 
process.   © 1998 American Institute of Physics. [S0021-8979(98)15211-8] 

I. INTRODUCTION 

Nd-Fe-B sintered magnets with higher magnetic prop- 
erties have been required as their applications decrease in 
size. Minimizing nonmagnetic secondary phases (rare earth 
oxide, B-rich phase etc.), maximizing grain alignment, and 
optimizing alloy design are ways to increase (Z?//)max of 
Nd-Fe-B sintered magnets, and concrete methods based on 
these principles have been presented.1,2 Improving the mag- 
netic properties by minimizing nonmagnetic secondary 
phases requires a reduction in the oxygen content in sintered 
magnets. To reach this goal, various methods have been de- 
veloped for the powder metallurgy process. However, it is 
difficult to prevent oxidation in chemically active fine pow- 
der and green compacts that are exposed to the air with con- 
ventional methods. A low oxygen content of around 0.2 
wt % in a sintered body could be achieved only on the labo- 
ratory scale by a wet process using an organic solvent such 
as ra-hexane or a dry process using oxygen-free chambers 
and containers. 

We have developed a wet process (HILOP, HITACHI 
low oxygen process) using mineral oil as a solvent and have 
obtained Nd-Fe-B sintered magnets with less than 0.2 wt % 
oxygen in sintered bodies on the production scale. In this 
article, the procedure of the developed wet process and the 
characteristics of the resultant magnets will be presented. 

II. EXPERIMENT 

The developed wet process is based on conventional 
powder metallurgy techniques, but is distinguished from the 
conventional technique by handling the milled powders and 
green bodies in oil from milling to sintering. The wet process 
procedure is illustrated in Fig. 1 in comparison with the con- 
ventional dry process. Cast alloys were annealed at 1100 °C 
for 6 h, and then ground to less than 500 /xm after the hy- 

drogen decrepitation process. The oxygen content in the ni- 
trogen gas used in the mill chamber for conventionally pro- 
cessed materials is commonly around 1000 ppm to stabilize 
the surface of the fine powder to prevent rapid oxidation in 
air. In the wet process, however, the prepared coarse pow- 
ders were jet milled with no oxygen (less than the detection 
limit, i.e., <0ppm). Milled powders were put in mineral oil 
without being exposed to the air, mixed into slurries, and 
stored for pressing. The slurries were die-pressed in a mag- 
netic field of 14 kOe applied perpendicular to the axis of the 
press. The extremely low vaporization rate of the oil com- 
pared to that of organic solvents such as n-hexane enables 
the green bodies to be handled in air. The oil present in the 
green bodies was removed in the temperature range 100 °C 
=s 7^300 °C for 1 h in a vacuum of 10"' Torr before sin- 
tering. Sintering was carried out at temperatures from 1050 
to 1080 °C in a vacuum of 10~5 Torr for 5 h. Sintered bodies 
were heat-treated at 900 °C for 2 h followed by another heat 
treatment at temperatures from 460 to 560 °C for 1 h. Mag- 
netic properties were measured by a B-H tracer. Corrosion 
rates were determined by measuring the weight losses after 
exposing the magnets in an autoclave under conditions of 
120 °C, 100% relative humidity, and 2 atm. 

conventional 

coarse powder 

I 
jet milling in N2 
(withO.1%02) 

I 
dry pressing 

sintering 

wet process(HILOP) 

coarse powder 

I 
jet milling in N2 
(with 0%O2) 
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(solvent :oil) 

I 
desolvent 

sintering 
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FIG. 1. A comparison of the wet process (HILOP) with the conventional dry 
process. 
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TABLE I. Typical oxygen and carbon contents of HILOP-processed and 
conventionally processed materials. 

Process Oxygen (wt %) Carbon (wt < 

HILOP 
Conventional 

0.16 
0.58 

0.061 
0.055 

III. RESULTS AND DISCUSSION 

A. Oxygen contents and magnetic properties 

The typical oxygen and carbon contents of magnets with 
compositions of 

Nd27.3Pro.5Dyi.5FebalCo2.0Nb0.7Ga0.1Cu0.1B 1.0 

and 

Nd23.9Pr6.6Dy1.4Febai.Nbo.7Gao.jB 1.0 

in wt % produced by the wet process and the conventional 
dry process, respectively, are shown in Table I. The final 
carbon content of the wet-processed magnets is only around 
0.01 wt % greater than that of conventionally processed 
magnets. This indicates that the oil remaining in the green 
body was well removed by the desolvent process. The oxy- 
gen content of wet-processed materials is less than a third of 
that of the magnets produced by the conventional process. 
The oxygen content increased by only 0.02 wt % from the 
starting coarse powder with 0.14 wt % oxygen during jet 
milling, pressing, desolventing, and sintering process steps. 
The oxygen uptake rate for wet-processed powders stored in 
oil was much lower than that for powders stored in organic 
solvent (n-hexane): 0.007 and 0.016 wt %/day, respectively. 
The characteristics of oxidation prevention and low vapor- 
ization rate of the oil contribute to the adaptation of the wet 
process to mass production with high reliability. The low 
final oxygen levels provided by the wet process raised the 
possibility of a reduction of total rare earth (TRE) content. 

Figure 2 shows variations of {HC with oxygen content for 
sintered magnets with different TRE contents. The coercivity 
tHc decreased with the increase of oxygen content. As TRE 
decreased from 29.8 to 28.9 wt %, the iEc decrease rate for 
the oxygen content in the range 0.15 wt %^O^0.25 wt % 
became higher and ,-//c was deteriorated to zero with a lower 
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FIG. 2. Variations of flc with oxygen content for sintered magnets with 
different TRE contents: (a) 29.8 wt %, (b) 29.3 wt %, (c) 28.9 wt %. 
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FIG. 3. Magnetic properties of HILOP materials (a) in comparison with 
conventionally processed materials (b). 

oxygen content. This is due to a reduction of the Nd-rich 
phase caused by the change from Nd to Nd oxide. To obtain 
a high enough flc for practical use, a TRE of more than 29.3 
wt % is required. 

Figure 3 shows the magnetic properties of HILOP 
materials for 29.3 wt % TRE 

[Nd(28.8-x)Pro.5Dy^FebalCo2.oNb0.7Gao.iCuo.iB1.0 

(JC= 1.5, 3.0,4.5, 5.5, 7.5, 9.5) in wt %] in comparison with 
conventional compositions (TRE=31.5-32.5 wt %) on the 
production scale. From high Br to high flc, Br of HILOP 
materials is 800 G higher than that of conventionally pro- 
cessed materials, due to lower oxygen content and lower 
TRE content. The HILOP process is also applicable to ma- 
terials with a much higher (BH)max. The magnetic properties 
of (B//)max=51.0 MGOe with fl= 13.1 kOe were obtained 
for the composition of 

Nd2g.g6Dyo.75Febai.Nbo.43Alo.ogCuo.05B1.01. 

B. Corrosion resistance 

The corrosion resistance of the HILOP materi- 
als containing less than 0.2 wt % oxygen was in- 
vestigated. The weight loss of the HILOP material 
(Nd27.1Pro.6Dy1.5Febai.C02.1Nbo.7Gao.1Cuo.1Bj 1) is shown in 
Table II in comparison with a conventionally processed ma- 
terial (Nd23.9Pr66Dyi4FebaiNb0.7Ga0iBi0) and a reference 
material (Nd28.2Pr2.2Dyi.2Febai.Nbo.5Gao.iB,.1) that has al- 
most the same TRE as the conventionally processed material 
and almost the same oxygen content as HILOP material. The 
weight loss rate of the magnet with a TRE of around 32 wt % 
increased with decreased oxygen content. This trend is in 
agreement with those reported by Kim3 and Camp.4 HOW- 

TABLE II. Weight loss of HILOP material by pressure cooker test (P.C.T.) 
for 96 h in comparison with the conventionally processed material. The 
materials' compositions are given in the text. 

Process TRE (wt %)     Oxygen (wt %)     Weight loss (mg/cm2) 

Conventional 31.7 
Ref. 31.9 

HILOP 29.2 

0.75 
0.15 
0.15 

0.67 
21.12 

0.53 
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TABLE III. Three-point bending strengths and densities (p s) of HILOP 
material in comparison with those of the conventionally processed material. 

(b)    20um 

FIG. 4. Photos showing the microstructure of HILOP material (a) in com- 
parison with a conventionally processed magnet (b). 

ever, the HILOP material shows a lower weight loss rate 
even compared to that of the conventionally processed ma- 
terial in spite of its low oxygen content. 

Figure 4 shows optical micrographs of the HILOP ma- 
terial and the conventional material. Compared to the con- 
ventional material, the HILOP material has a smaller and 
more homogeneous grain size, so the Nd-rich phases (black 
or gray regions in the micrographs) at the triple junctions are 
smaller and more homogeneously distributed. According to 
the article by Scott et al.,5 the weight loss rate decreases with 
the decrease of grain size. Since the corrosion of Nd-Fe-B 
sintered magnets is initiated in the Nd-rich grain boundary 
phase,6'7 the above result may be explained by the fact that 
the magnet possesses a lower TRE and that the Nd-rich 
phases are more evenly distributed, with smaller grain size. 

C. Mechanical strength 

Table III shows the three-point bending strength 
and the density of sintered bodies of HILOP material 
(Nd21.3Pra5Dy7.5FebalCo2.oNbo.7GaaiCuaiBLO) and the con- 
ventionally processed material 

(Nd19.2Pr5.2Dy7.3FebalCo4.5Nb1.4Gao.1B1.2). 

The mechanical strength of HILOP material is improved by 
around 25%. This result may be attributed to the smaller 

Process 
p s Three-point bending strength 

(g/cm3) (kgf/mm2) 

Conventional 
HILOP 

7.62 
7.70 

26.2 
32.8 

grain size mentioned above, higher density (i.e., fewer voids) 
and fewer inclusions in the Nd-rich phase, such as rare-earth 
oxides. This issue requires further investigation. 

IV. CONCLUSION 

The wet process using mineral oil to prevent milled 
powder and green bodies from oxidation has been estab- 
lished. As a result, magnets with oxygen content of less than 
0.2 wt % and (BH)max of higher than 45 MGOe were ob- 
tained in production. The above magnets also have a better 
corrosion resistance and a higher mechanical strength mainly 
due to a smaller grain size and a smaller TRE content in the 
sintered bodies. This process has produced a reduction in the 
final oxygen content during production, and is one approach 
for the production of high performance Nd-Fe-B sintered 
magnets. Additional improvements in the crystallographic 
alignment of the magnets will produce magnets with much 
higher magnetic properties. 
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Hydrogen absorption and desorption behavior in Pr-Fe-B type alloys 
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Seoul 130-650, Korea 

In this study, the hydrogen absorption and desorption behavior of Pr-Fe-B type alloys with 
addition of Co, Ga, and Zr was investigated focusing on the disproportionation and recombination 
reaction in HDDR process. In Pr13B6Febai alloy, the second hydrogen absorption reaction which 
corresponds to the disproportionation reaction in HDDR process occurs at about 620 °C, and the 
recombination reaction was not observed below 1000 °C in hydrogen atmosphere. In alloys with Co 
content of 12 at.%, the second hydrogen desorption reaction, which corresponds to the 
recombination reaction in HDDR process, occurs at about 955 °C and the occurring temperature of 
the recombination reaction is further decreased with increasing Co content. The Ga addition to 
Pr13B6Febal alloy also reduces the recombination reaction temperature and has no significant 
influence on the disproportionation reaction. Moreover, the lowering of the recombination reaction 
temperature is remarkable when Ga and Co are added simultaneously. On the contrary, Zr addition 
to Pr13B6Febal alloy may not cause the recombination reaction but make the disproportionation 
reaction sluggish. The Pr-Fe-B type magnet powder which has a remanence of 9.8 kG and 
coercivity of 4.8 kOe, was obtained by HDDR treatment. © 1998 American Institute of Physics. 
[S0021-8979(98)34611-3] 

I. INTRODUCTION 

Hydrogen treatment such as hydrogenation, dispropor- 
tionation, desorption, and recombination (HDDR) process is 
now well established as a method of producing Nd-Fe-B 
type anisotropic magnetic powder through a hydrogen in- 
duced phase transformation.1"4 The effects of such minor 
elements as Co, Ga, and Zr on the HDDR process of Nd- 
Fe-B type alloy have been intensively studied.5-7 However, 
the research on applying the HDDR treatment to Pr-Fe-B 
type alloy and HDDR phenomena with such additive ele- 
ments in Pr-Fe-B type alloy were not available. 

In Pr-Fe-B based alloys where Pr is used as the rare 
earth instead of Nd, Pr2Fe14B compound may disproportion- 
ate into the mixture of PrH2, Fe2B, and a-Fe at the dispro- 
portionation reaction stage of HDDR treatment. At the re- 
combination reaction stage in HDDR treatment, these 
decomposed mixtures could be recombined into the fine 
grained Pr2Fe14B phase. In the present study, the effects of 
such minor elements as Co, Ga, and Zr on the hydrogen 
absorption and desorption behavior of Pr-Fe-B type alloys 
were investigated focusing on the disproportionation and re- 
combination reaction in HDDR process. In addition to this, 
magnetic properties of HDDR treated Pr-Fe-B type alloy 
were investigated. 

the hydrogen absorption and desorption behavior. The 
chemical composition of alloys used in this study are shown 
in Table I. 

For investigating the hydrogen absorption and desorp- 
tion characteristics, the samples were heated from room tem- 
perature to 1000 °C at an initial hydrogen pressure of 760 
Torr and then the pressure changes as well as temperature 
changes were monitored. At each measurement, an 8 g 
sample was used and the heating rate was 5 °C/min. The 
expansion of hydrogen at an elevated temperature was taken 
into account by performing blank test. The phase changes 
during hydrogen absorption and desorption were examed us- 
ing a x-ray diffractometer with Ca-ka radiation. 

The samples for HDDR treatment were prepared by hy- 
drogen decrepitation at room temperature and subsequent 
milling. For HDDR treatment, the disproportionation treat- 
ment was carried out at 800 °C and subsequent evacuating 
was performed at 820 °C. The disproportionation time was 
varied. The bonded magnets were made by aligning and 
pressing after mixing the HDDR treated powders with solid 
phenol. This compacts were then cured at 120 °C for 2 h. 
The magnetic properties of bonded magnets were measured 
by a D.C Fluxmeter. 

II. EXPERIMENT 

Pr-Fe-B alloy ingots of various composition were pre- 
pared by arc melting and induction melting weighed amounts 
of constituent elements. The alloy ingots were then homog- 
enized at 1000 °C for 20 h in vacuum. After homogenization, 
alloy ingots were mechanically crushed down to powders of 
under 200 /zrn. These powders were used for investigating 

TABLE I. The chemical composition of alloys (at.%). 

No. Pr Co Zr Ga 

1 13.0 6.0 
2 13.0 6.0 
3 13.0 6.0 
4 13.0 6.0 
5 13.0 6.0 
6 13.0 6.0 

6.0-35.0 

12.0 
12.0 

0.1-1.0 

0.5-1.0 
0.5-1.5 

1.5 

Fe 

bal. 
bal. 
bal. 
bal. 
bal. 
bal. 
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FIG. 1. The hydrogen absorption and desorption behavior in Pr]3B6Feba| 
type alloys. 

20 

FIG. 3. X-ray diffraction pattern of powders after second hydrogen desorp- 
tion reaction in Pr^BjCo^Fe,,.,] type alloys. 

III. RESULT AND DISCUSSION 

The pressure and the temperature changes in Pr13B6Feba| 
alloy, which is the standard composition in this study, on 
heating from room temperature to 1000 °C is shown in Fig. 
1. The pressure change curve for this alloy consists of three 
regions, two hydrogen absorption regions (designated as a 
and c) and one hydrogen desorption region (designated as b). 
The first hydrogen absorption reaction of this alloy, which 
correspond to hydrogen absorption into Pr-rich and Pr2Fe14B 
phases, starts at about 80 °C. This is followed by broad hy- 
drogen desorption reaction. Another hydrogen absorption re- 
action corresponding to disproportionation reaction in 
HDDR process occurs at around 620 °C. The recombination 
reaction was not observed below 1000 °C in hydrogen atmo- 
sphere in Pr-Fe-B three component system. The two exo- 
thermic peaks on the temperature change curve correspond to 
the hydrogen absorption reaction. 

Figure 2 shows the hydrogen absorption and desorption 
behavior of Co added Pr-Fe-B alloys. In order for investi- 
gation of effect of Co addition on the hydrogen absorption 
and desorption behavior, the contents of Co addition was 
varied from 6 to 24 at.%. The starting temperature of first 

hydrogen absorption reaction were varied 70 to 100 °C with 
the addition of Co. However, the occurring temperatures of 
second hydrogen absorption reaction corresponding to dis- 
proportionation reaction are almost the same as those in the 
alloys with or without Co, which is around 620 °C. So, the 
addition of Co to Pr-Fe-B type alloy may not affect the 
disproportionation reaction. On the contrary, in the alloy 
with Co content of 12 at.%, the second hydrogen desorption 
reaction (designated as d) occurs at 955 °C, which corre- 
sponds to the recombination reaction in HDDR process. The 
x-ray diffraction pattern of the powder after this desorption 
reaction in Fig. 3 shows that the diffraction peaks of 
Pr2Fe14B phase, which were recombined from the decom- 
posed mixture of PrH2, Fe2B, and a-Fe, are dominant. The 
second hydrogen desorption reaction in Pr13B6Coi8Feba| and 
Pr13B6Co24FebaI alloys occurred at 940 and 925 °C, respec- 
tively. So, the occurring temperature of recombination reac- 
tion is further decreased with increasing Co content. The 
recombination reaction was not observed in the alloys with 
Co content below 6 at.%. 

Figure 4 shows the hydrogen absorption and desorption 
behavior of Ga added Pr-Fe-B alloys. Ga was added from 
0.5 to 1.5 at.%. The Ga addition to Pr13B6Febal alloy also 
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FIG. 2. The hydrogen absorption and desorption behavior in Pr^BjCOxFe^i 
(* = 6,12,18,24) type alloys. 
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FIG. 4. The hydrogen absorption and desorption behavior in Pri,Bf,GaxFeba| 
(Ga=0.5,1.5) type alloys. 
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FIG. 6. The hydrogen absorption and desorption behavior in Pr13B6ZrxFeb. 
(Zr=0.1,0.5,1.0) type alloys. 

causes the recombination reaction below 1000 °C in hydro- 
gen atmosphere, which is the same behavior as that observed 
in Co added alloys. In Pr^BgGa! 5Febal the recombination 
reaction was occurred at about 940 °C, but small addition of 
Ga (0.5 at.%) does not cause the recombination reaction. The 
addition of Ga to Pr 13B6Febal has no significant influence on 
disproportionation reaction. 

As shown in Fig. 2 and Fig. 4, the most distinct effects 
of Co and Ga addition to Pr-Fe-B system is the lowering of 
the recombination reaction temperature below 1000 °C in 
comparison with Pr13B6Febal alloy. The decomposed mixture 
is considered to be less stable by the addition of Co and Ga 
and hence the recombination reaction starts at a lower tem- 
perature. This result indicates that the addition of Co and Ga 
to Pr-Fe-B alloy enhances the recombination reaction by 
lowering the recombination reaction temperature. 

Figure 5 shows the hydrogen absorption and desorption 
behavior of Pr13B6Co120rai.5Febal alloy. In this alloy, the re- 
combination reaction starts at about 890 °C. In comparison 
with Pr13B6Co12Febal, the starting temperature of recombina- 
tion reaction was further decreased by Ga addition. The low- 
ering of the occurring temperature is remarkable when Ga 
and Co are added simultaneously. 

The hydrogen absorption and desorption behavior of Zr 
added Pr-Fe-B alloys is shown in Fig. 6. The Zr content 
was varied from 0.1 to 1.0 at %. The shape of second hydro- 
gen absorption curve corresponding to disproportionation re- 
action for alloy with 0.1 at % Zr is broadened in comparison 
with Pr13B6FebaI alloy. This disproportionation curve is fur- 
ther broadened with increasing Zr content and both the start- 
ing and finishing temperature of disproportionation reaction 
were changed. So, it can be said that the addition of Zr to 
Pr-Fe-B alloy may retard the disproportionation reaction. In 
opposition to Co and Ga added Pr-Fe-B alloys, Zr addition 
to Pr13B6Febal alloy does not cause the recombination reac- 
tion below 1000 °C in hydrogen atmosphere. 

HDDR treatment was employed to the 
Pr13B6Zr0 jGa! 0Co24Febal alloy. The samples for HDDR 
treatment were prepared by hydrogen decrepitation at room 

temperature and subsequent milling. HDDR treatment was 
carried out by keeping the sample at 800 °C in hydrogen and 
evacuating hydrogen from the sample at 820 °C. As a result, 
Pr13B6Zr0 ,Ga! 0Co24Febal magnet powder having a rema- 
nence of 9.8 kG and a coercivity of 4.8 kOe was obtained by 
employing the HDDR treatment to Pr-Fe-B system. 

IV. CONCLUSION 

From the investigation of hydrogen absorption and de- 
sorption behavior of Pr-Fe-B type alloys and magnetic 
properties of HDDR treated Pr-Fe-B type magnetic powder, 
the following conclusions can be drawn. 

The second hydrogen desorption reaction, which corre- 
sponds to recombination reaction in HDDR process, occurs 
at about 955 °C in Pr13B6Coi2Febal alloy and the occurring 
temperature of recombination reaction is further decreased 
with increasing Co content. The Ga addition to Pr13B6FebaI 

alloy also reduces the recombination reaction temperature. 
So, the addition of Co and Ga to Pr-Fe-B alloy enhances 
the recombination reaction. Moreover, the lowering of the 
recombination reaction temperature is remarkable when Ga 
and Co are added simultaneously. The addition of Co and Ga 
to Pr13B6Febal alloy has no significant influence on dispro- 
portionation reaction. On the contrary, Zr addition to 
Pr13B6Febal alloy may not cause the recombination reaction 
but make the disproportionation reaction sluggish. The Pr- 
Fe-B type magnet powder which has a remanence of 9.8 kG 
and coercivity of 4.8 kOe, was obtained by HDDR treatment. 
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Coercivity of sintered Nd(Fe0.92-xGaxBo.o8)5.5 permanent magnets 
X. C. Koua) and F. R. de Boer 
Van der Waals-Zeeman Institute, University of Amsterdam, 1018 XE Amsterdam, The Netherlands 

H. Kronmüller 
Max-Planck Institut für Metallforschung, Institut für Physik, Heisenbergstraße 1, 70569 Stuttgart, Germany 

The temperature dependence of the coercive field of Nd(Fe0,92_^GaJ.B0,og)5,5 compounds with x 
= 0 and 0.01 has been measured from 10 K up to the Curie temperatures in fields applied parallel 
or perpendicular to the magnetic alignment direction and has been analyzed in terms of a 
micromagnetic model. Two temperature ranges in which different mechanisms control the 
coercivity can clearly be distinguished. At temperatures above 170 K, a nucleation process of 
reversed domains determines the coercivity mechanism. From the micromagnetism point of view, 
partial substitution of Fe by Ga into NdFeB magnets leads to a reduction of the local effective 
demagnetization field (- NeflMs) which makes the nucleation of reversed domains more difficult, 
and therefore enhances the coercivity. © 1998 American Institute of Physics. 
[S0021-8979(98)15311-2] 

Anisotropie NdFeB permanent magnets are mainly pro- 
duced by the sintering technique.1 The magnetic phase in 
NdFeB magnets is the tetragonal Nd2Fe14B phase which has 
exciting intrinsic magnetic properties. However, the coercive 
field realized in NdFeB magnets depends strongly on the 
microstructure. The main disadvantage of the NdFeB magnet 
is its large temperature coefficient of the coercivity. The way 
to reduce the temperature coefficient of a magnet is to in- 
crease either its coercive field or its Curie temperature. Par- 
tial substitution of Nd in NdFeB magnets by Tb and/or Dy 
results in a large enhancement of the coercive field. This is 
because of the huge uniaxial magnetic anisotropy of 
Tb2Fe14B or Dy2Fe14B. However, substitution of Tb and/or 
Dy leads to a drastic reduction of the saturation magnetiza- 
tion. On the other hand, the Curie temperature of NdFeB 
magnets can be drastically increased by partial substitution 
of Fe by Co, however, at a cost of the coercive field. Ga is 
the only nonmagnetic element which simultaneously raises 
the Curie temperature2 and the coercive field of NdFeB mag- 
nets. It is one of the main subjects of the present article to 
understand why the coercive field is enhanced in Ga- 
containing NdFeB magnets. In addition, the mechanism 
which controls the magnetization reversal process in NdFeB 
and Nd(Fe,Ga)B magnets will be studied with the main em- 
phasis on the comparison of the temperature dependence of 
the coercive field measured with the field applied parallel 
and perpendicular to the magnetic-alignment direction. 

Much effort was made to obtain magnets with a high 
degree of the grain alignment. A number of cylindrical 
samples with a diameter of 4 mm and a length of 6 mm 
were cut out from the bulk Nd(Fe0 92B0 08)5 5 and 
Nd(Fe091Gao oiB008)5 5 sintered magnets with the cylindrical 
axis parallel or perpendicular to the magnetic alignment di- 
rection. Magnetic hysteresis loops were measured from 10 to 
800 K in a vibrating-sample magnetometer equipped with a 

"'Author to whom correspondence should be addressed; electronic mail: 
kou@phys.uva.nl 

superconducting coil providing a maximum field strength of 
6.4 MA/m. The value of the coercive field Hc is defined as 
the field where the irreversible susceptibility of the demag- 
netization curve has a maximum. According to this defini- 
tion, the coercive field corresponds to the field where most 
domains reverse their magnetization direction under the ac- 
tion of the applied inverse field. 

Figure 1 shows the magnetic hysteresis loops of 
Nd(Fe091Ga001B008)5 5 measured at 300 K in external fields 
applied parallel and perpendicular to the magnetic-alignment 
direction. The presence of a fairly good grain alignment fol- 
lows from the very pronounced difference of the magnetic 
hysteresis loops measured in the two directions. The hyster- 
esis loop in the parallel measurements is predominantly due 
to magnetization reversal of the grains which are magneti- 
cally aligned. However, the hysteresis loop in the perpen- 
dicular measurements is only due to the presence of grains 
which are misaligned. This is because the magnetic moments 
of the aligned grains will be rotated to the direction of the 
applied field only when the external field exceeds the anisot- 
ropy field, which is about 7 MA/m at 300 K for Nd2Fe14B. 
According to the micromagnetic model of coercivity,3'4 the 
presence of misaligned grains in permanent magnets leads to 
lowering coercivity. This is because the nucleation field is 
lower in misaligned single-domain particles. From the 
present measurement, however, it becomes evident that the 
coercive field is larger when the magnetic hysteresis loop is 
measured in a perpendicular field. This experimental fact 
suggests the coercivity in misaligned grains to be larger than 
in perfectly aligned grains. It must be noted that it is a com- 
mon feature of NdFeB sintered magnets that an improvement 
of the degree of grain alignment results in a reduction of the 
coercivity. To understand this seeming paradox between the 
experimental results and the theoretical prediction forms an- 
other main subject of the present article. 

In Fig. 2, the temperature dependence of the coercive 
field of Nd(Fe092B008)55 and Nd(Fe0.91Ga0.oiB0.08)5.5 mag- 
nets is shown. It can be seen that the coercive fields mea- 
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FIG. 1. Magnetic hysteresis loops of Nd(Fe09iGao0,B008)55 sintered mag- 
nets measured in external fields applied parallel or perpendicular to the 
magnetic-alignment direction. 

sured in a perpendicular field are higher at all temperatures 
where magnetic order exists. In the parallel measurements, 
compared to the pure NdFeB magnets, the Ga-containing 
magnets show a higher coercive field at higher temperature. 
In order to understand from the micromagnetic point of view 
why the coercive field changes upon Ga addition and why 
the perpendicular measurements give a higher coercive field, 
the intrinsic magnetic properties of Nd2Fe14B, e.g., the an- 
isotropy constants, K\, K2, and the spontaneous magnetiza- 
tion Ms should be known. The values of K{, K2, and Ms of 
NdFeB magnets at various temperatures, corresponding to 
the measuring temperatures of Hc, were obtained by inter- 
polating from the data of Hock,5 which have been obtained 
by measuring the magnetization of a Nd2Fe14B single crystal. 

Within the theory of micromagnetism, the coercive field 
Hc of a permanent magnet can be expressed as4'6 

Hc=aKa(pHn -NeffMs, (1) 

where Hn is the nucleation field of a spherical single-domain 
particle of a hard magnetic phase if the external field is ap- 
plied exactly antiparallel to the magnetization vector. Ms is 
the spontaneous magnetization of the hard magnetic phase. 
aK, a and Nel{ are micromagnetic parameters which de- 
scribe the deviation of the coercivity in real magnets from 
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FIG. 3. Least-square linear fit of the HCIMS vs H™°IMS curves of 
Nd(Fe0.92^0.08)5.5 m two temperature ranges. The Hc values were obtained 
from magnetic hysteresis loops measured in a field parallel to the magnetic- 
alignment direction. 

the nucleation field in a spherical single-domain particle. aK 

is the parameter which describes the reduction of the nucle- 
ation field caused by the low magnetic anisotropy at the 
grain surface. av represents the reduction of the nucleation 
field due to the presence of the misaligned grains. This is 
because the misaligned single-domain particles have a low 
nucleation field and the nucleated reversed domains in the 
grains should have the same easy magnetization direction 
(EMD) as the grains themselves. Theoretically, both a^ and 
aK are temperature dependent. The micromagnetic param- 
eter, Neff, determines the locations where the reversed do- 
mains are preferentially nucleated. 

■     1 

2.0 - aK=0.11 

N-r = -1.00 .>- 

/ JT      Hn"         ■ 
O          /     -D 

1.5 O                 \ 
0/                150 K 

7°      170 K 

1.0 

H 1 n   - 

- 

aK = 0.54 

0.5 ffl 
' -"— N    = 0.76 

eff - 

Nd(Fea9lG a     B     )     ■ 0.01  o.oe'5.5 

r* n 
parallel 

550 K             ,      .      , 

2        4        6 
H min/M 

10 

FIG.    2.    Temperature   dependence    of   the   coercive    field   H€   of 
Nd(Fe092B008)5.5 and Nd(Fe091Ga001B008)5 5 sintered magnets. 

FIG. 4. Least-square linear fit of the HCIMS vs H™m/Ms curves for 
Nd(Fe09iGao.oiB0.o8)5.5 magnets at two temperature ranges. The Hc values 
were obtained from magnetic hysteresis loops measured in a field parallel to 
the magnetic-alignment direction. 
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FIG. 5. Least-square linear fit of the HCIMS vs H™"/Ms curves for 
Nd(Fe09IGa00|B0Q8)55 magnets at two temperature ranges. The Hc values 
were obtained from magnetic hysteresis loops measured in a field perpen- 
dicular to the magnetic-alignment direction. 

The value of the nucleation field, Hn, is determined only 
by the intrinsic magnetic properties of the hard-magnetic 
phase, i.e., of Nd2Fe14B. From the data on the anisotropy 
constants obtained by Hock,5 it follows that at temperatures 
above 170 K the conditions Kl>K2 and K{^0 hold. The 
nucleation field Hn and the parameter av can be calculated 
by means of the expressions: 

m 
and 

2£j 

p0Ms 

1 1 

cos tp (1 + tan    <p) \3/2 1- 
2K2 

*i   1 

tan2'3 <p 

+ tan2/3 <p 

where cp is the angle between the EMD of the grain and the 
direction of the applied magnetic field. At temperatures be- 
low 170 K, the condition -2K2<Kl<4K2 holds. In this 
case, ay can only be obtained by numerical calculation. The 
minimum of HJ,1 has been calculated by Martinek et al? to 
be: 

H II min_ l l 

ßoMs 2V1 

K2 
+ 3 

X w{Y2 
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El 
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where 

w-- vi +i + 

In a real magnet, misalignment is inevitable and a distri- 
bution of the grain alignment exists. The nucleation field 
differs therefore from one grain to the other. For simplicity, 

it is assumed that the coercive field of the bulk magnet is 
determined by the grains which have the minimum nucle- 
ation field (//™n=a£in//„)- 

In Fig. 3, HCIMS is plotted as the function of H™[n/Ms 

for Nd(Fe0 92Bo 08)5 5 permanent magnets. Similar to what 
was found previously,8 two clearly distinguishable tempera- 
ture ranges can be seen. At temperatures above 170 K, Hl

n is 
the nucleation field, whereas //" is the nucleation field below 
170 K. The mechanism which controls the coercivity may be 
different in these two temperature ranges. A least-square lin- 
ear fitting program was applied to fit separately the Hc IMS 

vs H™mIMs curves in two temperature ranges. The fitting 
parameters, aK and /Veff, are included in the figure. A large 
difference in values of Nef( is evident in these two tempera- 
ture ranges. In the temperature range where H\ is the nucle- 
ation field, the value of NtfS is rather large. This implies that 
the magnetization reversal process in this temperature range 
is realized through expansion of reversed domains which are 
nucleated preferentially in the region of the grain surface 
where the local effective demagnetizing field (-NeffMs) is 
the largest. On the other hand, in the temperature range 
where //" is the nucleation field, the value of Neff is rather 
small or even negative. This suggests that reversed domains 
in this temperature range are not nucleated due to a large 
local effective demagnetizing field. In the present analysis, 
the main emphasis will be on the temperatures above 170 K. 

In Figs. 4 and 5, plots of HCIMS vs H™n/Ms are shown 
for measurements parallel and perpendicular to the magnetic- 
alignment direction, respectively. Similar to what was found 
for Nd(Fe0 92B0 08)5 5, there are two temperature ranges 
which manifest themselves by different mechanisms in the 
magnetization reversal process. Let us first compare the re- 
sults in the temperature range above 170 K, as shown in 
Figs. 3 and 4, which should reveal the influence of the Ga 
additive. Compared to the Nd(Fe092B008)55 magnet, the 
Nd(Fe091Ga001B008)5 5 magnet has a lower value of aK and 
a much lower value of Neff. The low value of aK leads to a 
reduction of coercivity, whereas the low value of Afeff results 
in a large coercivity. This result suggests that the enhance- 
ment of the coercivity in Nd(Fe091Ga001B008)55 is mainly 
due to the reduction of the local effective demagnetization 
field (-NeffMs). A similar conclusion can be drawn from a 
comparison of Figs. 4 and 5. The misaligned grains have a 
lower nucleation field which reduces the coercivity. On the 
other hand, the much lower local effective demagnetization 
field drastically enhances the coercivity. 
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The origin and interpretation of fine scale magnetic contrast in magnetic 
force microscopy: A study using single-crystal NdFeB and a range 
of magnetic force microscopy tips 

M. Al-Khafaji,a) W. M. Rainforth,a) M. R. J. Gibbs,b)'0) J. E. L. Bishop,b) and H. A. Daviesa) 

Sheffield Centre for Advanced Magnetic Materials and Devices, Sheffield, United Kingdom 

We have used an oriented single crystal of Nd2Fe14B1 as a test sample to explore contrast and 
resolution as a function of magnetic force microscopy tip coating, tip scan height, and sample 
history. We find that resolution is independent of tip type; that contrast is greater at low scan heights 
and for higher moment tips; and that the fine length scale structure of order 25 nm can be resolved. 
We further show how the surface structure is a function of state (demagnetized or remanent), 
demonstrating the ability of well-characterized studies to give high-resolution information on 
carefully prepared samples.   © 1998 American Institute of Physics. [S0021-8979(98) 16611-2] 

INTRODUCTION 

In magnetic force microscopy (MFM) the interaction be- 
tween the tip magnetic moment and the stray field gradient 
(SFG) above a sample raises a number of issues. The SFG 
includes contributions from surface and subsurface domain 
structure, and surface topology. The response of the tip de- 
pends on the magnetization process within the tip, on the 
local SFG (dominated by contributions from local structure), 
and also, depending on the tip susceptibility, on the magni- 
tude and direction of the field itself. While the SFG is 
strongly dominated by local contributions, the field will in- 
clude significant long-range contributions, and indeed, may 
strongly reflect the gross magnetic state of the tip. A fully 
quantitative interpretation of the MFM signal must remain a 
distant goal. 

Systematic observations, with sufficiently close control 
of the variables, are required in order to establish MFM per- 
formance. Convention has it that the spatial resolution limit 
is the tip-sample spacing or the tip radius, whichever is the 
greater. We have previously reported1 fine scale magnetic- 
force gradient contrast in MFM images taken on a plane 
orthogonal to the easy axis of a large single crystal of as- 
grown Nd2Fe14B, having high c-axis texture. This single- 
crystal sample constitutes a stable test sample, with a large 
area for scanning, and high coercivity and high anisotropy 
energy. Magnetic contrast was clearly observed on a scale of 
order 25 nm, less than the tip-sample spacing and of the 
order of the tip radius. We now extend this study in three 
ways: we explore the resolution limit; the image formation 
for different tip coatings; and the NdFeB sample in a number 
of magnetic states. 

EXPERIMENTAL DETAILS 

A Digital Instruments Dimension 3000 scanning probe 
microscope was used in the Tapping/Lift™ mode, using sili- 

a'Also with Department of Engineering Materials, University of Sheffield, 
Sheffield SI 3JD, UK. 

b)Also with Department of Physics, University of Sheffield,  Sheffield 
S3 7RH, UK. 

''Electronic mail: M.R.Gibbs@Sheffield.ac.uk 

con cantilevers with integral pyramidal tips and commercial 
coatings (Digital Instruments) of CoCr (high coercivity) and 
NiFe (low coercivity).2 

THE RESOLUTION LIMIT 

Figure 1 shows MFM images of the NdFeB single crys- 
tal (as-grown) using a NiFe coated tip. Registration of the 
images (gross features are the same on all images) was main- 
tained using features in the associated topographic scan (not 
shown). A remarkable feature of the 25 nm scale fine struc- 
ture is a distinct pattern of fine curved lines that repetitively 
decorate the bends of the rick-rack domain pattern. The con- 

<r    *    *    *   *_ 
*$      '       HA*' ■'■tfÜÜF 'aflr UP 

#•" '"'* 

(b) 

FIG. 1. 5 /xmX5 /urn MFM images from the surface of an as-grown NdFeB 
single crystal on a face orthogonal to the easy axis. Scan heights (a) 25 nm 
and (b) 100 nm. Tip NiFe. Contrast=phase shift of 20°. 

0021 -8979/98/83(11 )/6411/3/$ 15.00 6411 © 1998 American Institute of Physics 
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FIG. 2. 7 fimXl fim MFM images from the surface of an as-grown NdFeB 
single crystal on a face orthogonal to the easy axis. Scan heights (a) 100 nm 
and (b) 200 nm. Tip CoCr. Contrast=phase shift of 60°. 

FIG. 3. MFM images orthogonal to the c axis of a thermally demagnetized 
single crystal of Nd2Fe]4B. CoCr tip. (a) 35X35 ^m: 100 nm scan height 
and (b) 5X5 /xm: 100 nm scan height. Black-white contrast=50° phase shift. 

trast and resolution vary with scan height, but gross features 
are maintained. Analysis shows that the image is influenced 
primarily by features near the surface to a depth proportional 
to the scan height. Thus, increasing the scan height does not 
simply blurr the details, but enhances the relative sensitivity 
to deeper structures. Scanning with a second NiFe tip pro- 
duced identical results. 

Figure 2 shows analogous images for a CoCr coated tip 
from another area of the sample, again in register for the 
series. As for the NiFe tip, the gross features are reproduced, 
only the contrast and resolution decrease with increasing 
scan height. 

Of particular significance is the fine scale structure ob- 
served in both of the low scan height images, including the 
repetitive pattern discussed above. The resolution limit is 
practically tip independent, and also scanning in an orthogo- 
nal direction produces an essentially identical image. It must 
be deduced that the simple rule for the resolution limit given 
in the Introduction is not adequate, and that many finer scale 
features can be reproducibly observed. 

COMPARISON OF TIP COATINGS 

According to earlier studies2 on such tips, the magnetic 
characteristics should be very different, the CoCr presenting 
a high moment, high coercivity behavior, while the NiFe is 
lower moment and lower coercivity. Comparing images be- 
tween tips for the same scan height, it is clear that the reso- 
lution is largely independent of tip character. 

A simple comparison of Figs. 1 and 2 demonstrates that 
the nature of the contrast is, as expected, somewhat different 

for the two tip coatings. This can be interpreted in terms of 
the CoCr tip behaving essentially as a fixed dipole, whereas 
the moment of the NiFe is controlled by the field of the 
Nd-Fe-B. Thus, the CoCr tip primarily delineates the do- 
mains, while the NiFe tip primarily delineates the domain 
walls.3 It is important to emphasize that the fine scale struc- 
ture is visible with both tips, that is, it must reflect the un- 
derlying magnetic domain structure and is, therefore, no ar- 
tifact. 

STUDY OF NdFeB SINGLE CRYSTAL IN DIFFERENT 
MAGNETIC STATES 

Two distinct types of features are visible in Fig. 3 (a 
thermally demagnetized state); closure spike domains (bright 
spots dispersed across the image),4 and rick-rack domains.1 

The fine scale line structure associated with the rick-rack 
pattern is again observed, with the rick-rack domains parallel 
to each other over distances long compared to their separa- 
tion and wavelength. For the remanent state after magnetiza- 
tion to 5 T in a hard direction (Fig. 4), this long-range struc- 
ture is not present, the rick-rack pattern has become much 
more convoluted, and the incidence of spike domains has 
decreased. There is now an absence of the fine line structure 
associated with the rick-rack pattern. 

For the remanent state after magnetization to 5 T in the 
easy direction (Fig. 5), the convolution of the rick-rack pat- 
tern is similar to the other remanent state. The incidence of 
spike domains remains low, but the fine line structure asso- 
ciated with the rick-rack domains is more pronounced. 
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FIG. 4. MFM images orthogonal to the c axis of a single crystal of 
Nd2Fei4B, in a remanent state after magnetization to 5 T with the field in the 
sample plane. CoCr tip. (a) 35X35 fim at 100 nm scan height and (b) 5 
X5 /im at 100 nm scan height. Black-white contrasts 50° phase shift. 

FIG. 5. MFM as in Fig. 4 in a remanent state after magnetization to 5 T with 
the field orthogonal to the sample plane. CoCr tip. (a) 35 X 35 /Am at 100 nm 
scan height and (b) 5X5 /tm at 100 nm scan height. Black-white contrast 
= 50° phase shift. 

From these detailed comparisons it is possible to con- 
clude that the rick-rack pattern represents a closure structure 
on the surface of a sample of high uniaxial anisotropy con- 
stant K{>2irM2

s} The gross features of this pattern are un- 
affected by previous magnetic history, except in the case of 
thermal demagnetization. Figure 3(a) demonstrates that the 
convolution is much less after demagnetization. A reason- 
able interpretation is that in achieving the thermally demag- 
netized state, the fundamental underlying domain structure is 
more ordered and less complex. The long-range quasiparallel 
orientation of the rick-rack walls suggests the underlying 
structure approximates the well-known stripe domain struc- 
ture. 

The fine scale line structure parasitic on the rick-rack 
pattern is clearly influenced by the magnetic history. In the 
case of Fig. 4 where a field of 5 T has been applied and then 
removed in plane, this fine detail is not evident. This sug- 
gests that in these regions, close to the sample surface, fur- 
ther energy minimization is possible, when the remanent 
state is along the easy direction (Fig. 5), by division into 

smaller closure domains at regions of high wall curvature. It 
is certainly also true that this fine scale contrast is magnetic 
in origin, although the length scale is so short. 

CONCLUSIONS 

The fine scale structure on a scale of 25 nm, much less 
than the tip-sample spacing, and of the order of the tip ra- 
dius, is clearly resolved and of magnetic origin. Its existence 
is independent of tip materials. It is seen in thermally demag- 
netized samples and in samples remanent after magnetization 
in the easy direction normal to the surface, but not when the 
remanent state is reached after magnetization in a hard direc- 
tion. 

'M. Al-Khafaji, W. M. Rainforth, M. R. J. Gibbs, J. E. L. Bishop, and H. 
A. Davies, IEEE Trans. Magn. 32, 4138 (1996). 

2K. Babcock, V. Elings, J. Shi, D. Awschalom, and M. Dugas, Appl. Phys. 
Lett. 69, 705 (1996). 

3M. Al-Khafaji, W. M. Rainforth, M. R. J. Gibbs, H. A. Davies, and J. E. 
L. Bishop, J. Magn. Magn. Mater, (in press). 
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Off-axis electron holographic mapping of magnetic domains in Nd2Fe14B 
M. R. McCartney 
Center for Solid State Science, Arizona State University, Tempe, Arizona 85287-1704 

Yimei Zhu 
Department of Applied Sciences, Brookhaven National Laboratory, Upton, New York 11973 

Off-axis electron holography employing a field-free Lorentz lens has been used to provide direct 
imaging of magnetic induction in Nd2Fe14B with nanometer-scale resolution and high 
signal-to-noise. Using this technique, reconstructed phase images have been used to measure 
domain wall widths for 90° and 180° walls in a sintered sample were measured to be no greater than 
7 and 9 nm, respectively. Induction maps show an unusual array of 90° domains in a hot-press 
sample, with singularities at the intersections of the domains. In situ thermal annealing of the 
hot-pressed sample resulted in magnetization rotation accompanied by domain wall movement and 
evidence for pinning at a structural defect. Heating of the sample above 400 °C resulted in the 
accumulation of small particles in thin regions and decrease in magnetic contrast. © 1998 
American Institute of Physics. [S0021-8979(98)41411-7] 

Hard magnetic materials such as NdFeB alloys have 
high remanence and coercivity that potentially lead to many 
practical applications.1'2 Magnetic force microscopy (MFM) 
and scanning electron microscopy with polarization analysis 
(SEMPA)3 can provide quantitative information about sur- 
face features such as domain walls that intersect the surface 
of bulk magnetic materials. Transmission electron micros- 
copy techniques for imaging thin magnetic films include 
Foucault imaging4 and differential phase contrast5 imaging 
which give direction-dependent magnetization contrast, and 
out-of-focus, Fresnel or Lorentz imaging which gives con- 
trast at domain wall positions.6 Off-axis electron holography 
is a technique that is sensitive to electrostatic and magnetic 
potentials within solid materials. In particular, the magnetic 
induction strength and direction can be imaged at high reso- 
lution and with high sensitivity.7 In this work, we describe 
the use of off-axis electron holography to map the induction 
distribution of magnetic domains in Nd2Fe14B alloys at 
nanoscale spatial resolution. 

The electron holograms and Lorentz images were re- 
corded with a Philips CM200 transmission electron micro- 
scope equipped with a field emission electron source.8 This 
instrument has a (Lorentz) mini-lens in the region below the 
lower objective polepiece which provides a line resolution of 
1.2 nm with only a small residual field at the sample. The 
microscope is equipped with an electrostatic biprism in the 
plane of the selected area aperture holder for off-axis elec- 
tron holography. Holograms and Fresnel images were re- 
corded digitally with a Gatan 679 slow-scan CCD camera. A 
double-tilt heating holder was used to investigate the effects 
of heating cycles on the induction distribution. 

A pair of Fresnel images from a sintered sample of 
Nd2Fei4B recorded under field-free conditions are shown in 
Figs. 1(a) and 1(b). The contrast at the domain walls (ar- 
rowed) has inverted upon going from underfocus to overfo- 
cus. Figure 1(c) shows a contoured phase image that was 
reconstructed from an off-axis electron hologram of the in- 
dicated region of Fig. 1(a). The equispaced contours within 
each domain indicate uniform magnetization that gives rise 

to a constant phase plane. The normal to this plane is related 
to the direction and magnitude of the induction. Ridges and 
valleys in the phase image can be directly related to the 
bright and dark lines in the underfocus Fresnel image. These 
abrupt changes in slope are associated with changing mag- 
netization and correspond to the domain wall positions. In 
order to map the magnetic induction within the sample, 
simple gradients of the phase image can be calculated by 
displacing the phase image, followed by subtraction.9 Figure 
1 (d) shows the vertical gradient of the phase and reveals the 
horizontal component of the induction. 

Two perpendicular gradient images can be combined 
into a vector map to produce a direct image of magnetic 
structure within the domains, as shown in Fig. 2(a). The 
vector map is divided into 10 nmX 10 nm squares, and shows 
three distinct domains with the top and middle domains ori- 

FIG. 1. (a) Over-focus and (b) under-focus Fresnel images of non-parallel 
domain walls in Nd2Fe]4B. Box indicates area used for off-axis holography, 
(c) Reconstructed phase image from outlined region contoured at 0.5TT ra- 
dian intervals, (d) Vertical gradient of (c). 

0021 -8979/98/83(11 )/6414/3/$15.00 6414 © 1998 American Institute of Physics 
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FIG..2. (a) Induction map derived from phase gradients in Fig. 1 with 90° 
and 180° domain walls, (b) Domain wall width measurements from phase 
profiles. Circles (top wall) and squares (bottom wall) are phase data, solid 
lines are linear fits. 

ented at approximately 90° and the middle and lower ori- 
ented at approximately 180° to each other. The minimum 
vector length indicates out-of-plane or vanishing induction. 
The vectors which delineate the edge of the sample are an 
artefact due to the rapid increase in mean potential at the 
sample-vacuum interface. Within the sample, the vector 
length corresponds to the product of the in-plane magnetiza- 
tion and the thickness. Using an estimate of 60 nm for the 
thickness10'11 for thicker areas of the sample (on the left of 
Fig. 2), the vector lengths calculated from the modulus of the 
gradients correspond to magnetizations, 4 TTMS = B = 0.8 T, 
1.2 T, and 0.5 T for the top, middle, and bottom domains, 
respectively. Care should be taken when interpreting details 
of the induction maps, particularly because of undetermined 
fringing fields immediately above and below the sample sur- 
face. For example, such demagnetizing fields, visible as 
curved contour lines extending into vacuum at the lower 
right of Fig. 1(c) may be responsible for the apparent reduc- 
tion of the magnetization in the bottom domain. In addition, 
it should be noted that the technique is only sensitive to the 
in-plane component so that any crystal tilt toward the c-axis 
normal will reduce the measured magnetization. 

An estimate for domain wall width can be made directly 
from the phase image by measuring the distance over which 
the phase slope abruptly changes. Figure 2(b) shows phase 
profiles taken perpendicular to the top (90°) and bottom 
(180°) domain walls. The open circles (squares) are the 

FIG. 3. Fresnel under-focus images of die-upset Nd2Fe2B as function of 
temperature: (a) room temperature; (b) heated to 300 °C and then cooled to 
room temperature; (c) heated above the Curie temperature, then cooled. 
"A" indicates domain wall associated with crystal defect, "B" is a grain 
boundary. 

phase data averaged over 20 nm and the solid lines are least 
square linear fits to the data. These measurements indicate a 
maximum12 width of 6.7 ± 1.4 nm and 9.2± 1.4 nm for the 
upper and lower domain walls, respectively. 

Under-focus Lorentz images of a sample of die-upset13 

Nd2Fe,4B are shown in Fig. 3. The characteristic lines of 
light and dark contrast in Fig. 3(a) correspond to serpentine 
and "Y"-shaped domains that extend to the sample edge. 
The shape of these domains is similar to that previously re- 
ported near grain boundaries in sintered Nd-Fe-B.14 In ad- 
dition, two features are noted, one dark and one bright, 
which are labeled "A" and "B," that lie parallel to the 
vacuum edge and intersect the domains which form the 
stems of the Y domains. Analysis of these features, reported 
elsewhere, indicates that feature A is associated with an uni- 
dentified planar defect while B is a grain boundary.9 

Domain rearrangement resulted from heating the sample 
in situ to a nominal 300 °C followed by cooling to room 
temperature, as shown in Fig. 3(b). The domain walls have 
been released from the thin sample edge although some do- 
mains still interact with features A and B. Subsequent heat- 
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FIG. 4. Induction map from outlined areas of Fig. 3 showing change in 
domain structure before (a) and after (b) heating to 300 °C. 

pairs of singularities at the intersection with the striped do- 
mains. This structure is reminiscent of cross-tie walls that 
contain periodic arrays of Bloch lines of alternating 
polarity.7'16 The grain boundary has a limited effect on the 
magnetization, and the magnetization across the two grains is 
coupled. Effects at the grain boundary itself may arise not 
only from changes in the induction but also from preferential 
thinning or changes in composition at the boundary. Between 
this grain boundary and the sample edge, the vectors show 
decreasing length which may be due to rapidly decreasing 
specimen thickness rather than an increased out-of-plane 
component. 

Figure 4(b) is an induction map of the same area [see 
Fig. 1(b)] after heating to 300° and subsequent cooling to 
room temperature. The well-defined domains on the left- 
hand side have disappeared, and the reduced phase gradients 
may indicate that the remaining structure has a large out-of- 
plane component. The domains which had previously been 
oriented perpendicular to the edge of the sample have rotated 
by approximately 90° and the magnetizations af adjacent do- 
mains are now oriented at approximately 180°. The magne- 
tizations on either side of the grain boundary are no longer 
strongly coupled. However, the domains in the lower part of 
the figure appear to be pinned between the grain boundary 
and the defect which have impeded the movement of do- 
mains away from the thin edge of the sample and preserved 
the original orientation. 
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ing to 400°C (above the Curie temperature of 585 K15) re- 
sulted in complete disappearance of the domain structure. A 
new domain structure was then visible after cooling to room 
temperature, as shown in Fig. 3(c). The domain boundaries 
again interact with features A and B but none of the domain 
walls extend to the thin edge of the annealed sample. The 
sample has accumulated dark particles in areas near the edge 
and on the surface of thinner parts of the specimen. The 
presence of the particles is correlated to an absence of do- 
main walls and a marked reduction in the Fresnel contrast of 
the domain walls in the interior of the sample. 

Electron holograms were recorded at various stages of 
this treatment cycle, and then later processed to obtain phase 
and phase gradient images. The vector map shown in Fig. 
4(a), which has been superimposed on a low contrast image 
of the x gradient, is divided into 20 nmX20 nm squares. The 
map shows that the magnetizations of the domains in this 
region of the sample are oriented at approximately 90° to 
each other rather than the expected 180°. The region of the 
sample between A and the vacuum edge is comprised of a 
series of domains which appear to close the in-plane induc- 
tion more or less parallel to the thin edge, and give rise to 
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Improvement of protective coating on Nd-Fe-B magnet by pulse 
nickel plating 

C. W. Cheng and F. T. Chenga) 

Department of Applied Physics, The Hong Kong Polytechnic University, Hung Horn, Hong Kong 

H. C. Man 
Department of Manufacturing Engineering, The Hong Kong Polytechnic University, Hung Horn, 
Hong Kong 

Sintered Nd-Fe-B magnets were coated by pulse nickel plating at different plating conditions. 
Optimal pulse plating condition was established (average current density =1 A/dm2, peak current 
density=6 A/dm2 with ron: Toff= 1:2). In order to make a comparison, magnets with similar nickel 
coating thickness plated by dc were also prepared. The corrosion resistance of the coated magnets 
was evaluated by (i) Normal Salt Spray Test (5% NaCl, 35 °C) and (ii) potentiodynamic polarization 
measurement (3.5% NaCl solution). It was found that the corrosion resistance of the pulse nickel 
plated magnet was significantly improved as compared with that of the conventional dc plated ones, 
with negligible deterioration in magnetism. The microstructure of the coating was examined by 
optical microscopy and scanning electron microscopy. It was found that the porosity was much 
lower, and the grains much finer in the pulse-plated layer as compared with the dc plated ones. 
© 1998 American Institute of Physics. [S0021-8979(98) 15411-7] 

I. INTRODUCTION 

The neodymium-iron-boron (Nd-Fe-B) permanent 
magnet, being one of the most popular magnets nowadays, 
derives its attractiveness and popularity from its well known 
excellent magnetic properties, including high remanence, 
high coercivity, and large energy product.1 However, the ap- 
plications of the Nd-Fe-B magnets are greatly hindered by 
their poor corrosion resistance in humid environments, espe- 
cially when the magnets are of the sintered type.2 The cor- 
rosion attack arises from the preferential oxidation of the 
Nd-rich phase in the grain boundary region.3 Such an inter- 
granular mode of corrosion results in irreversible loss in flux 
and coercivity,4 contamination, and even total disintegration. 
The employment of coatings on the Nd-Fe-B magnets has 
been proven to be one feasible way to enhance the corrosion 
resistance without leading to significant deterioration of the 
magnetic properties. Among the various types of coatings 
applied to the Nd-Fe-B magnets, metallic coatings of Ni, 
Ni/Cr, Al, Zn, Cu, etc., have achieved different degrees of 
corrosion protection.5-9 Such metallic coatings were applied 
to Nd-Fe-B by dc electroplating, electroless plating, or im- 
mersion coating. On the other hand pulse plating, a technique 
which is well known for producing coatings which are more 
uniform, less porous, more wear-resistant and more 
corrosion-resistant (although with higher equipment cost, 
about twice that of the dc ones), has not been used on the 
Nd-Fe-B magnets. Thus it is the purpose of the present 
study to investigate the possibility of pulse plating the Nd- 
Fe-B magnets with Ni, to establish the optimal plating con- 
ditions, and to assess the coating properties. 

II. EXPERIMENTAL PROCEDURE 

Commercial Nd-Fe-B magnets composed of 15% Nd, 
77% Fe, and 8% B were used in the present study. They 

were in disk form with diameter and thickness of 15.7 and 
2.2 mm, respectively. The samples were fabricated by con- 
ventional sintering and supplied by a local manufacturer. The 
magnetic properties were given as Br=llAkG, Hd 

= 12.4 kOe, and (£//)max=34 MGOe. 
The samples were cleaned by electrodegreasing in an 

alkaline solution, and then immersed in 10% hydrochloric 
acid at room temperature for 30 s for activation. The samples 
were pretreated with Ni striking at a current density of 
2 A/dm2 for 1 min, followed by dc plating of semi-bright Ni 
at 50 °C for 5 min using 1 A/dm2. The samples were subse- 
quently pulse plated with Ni using unipolar pulse in a bath 
having the composition and conditions listed in Table I. Four 
selected combinations of on and off times (Ton:Tof{ 

= 1:1,1:2,1:4,1:10) were prepared. The mean thickness of 
the Ni coating film was in the range of 12-15 ixm. For com- 
parison, dc plated Ni coatings of similar thickness were also 
prepared using similar current densities. 

The corrosion resistance of Ni coatings was investigated 
by (i) normal salt spray (NSS) test and (ii) electrochemical 
measurement. The NSS test (35 °C, 5% NaCl) was per- 
formed for 136 h using a standard chamber in accordance 
with ASTM G85 practice. 

TABLE I. Composition and conditions for pulse nickel plating. 

"'Electronic mail: apaftche@polyu.edu.hk 

Nickel sulphate (NiS04.6H20) 300 g// 
Nickel chloride (NiCl2.6H 20) 60 g// 
Boric acid (H3B03) 40 g// 
Wetting agent 0.5 ml// 
Brightener 3 ml// 
Anode Nickel 
Average current density 1 A/dm2 

Peak current density 6 A/dm2 

Temperature 50 °C 
Agitation Moderate to vigorous 
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FIG. 1. Cross section of pulse Ni-plated samples (a) with pretreatment, (b) 
without pretreatment. 

The time of initial formation of brown rust on the 
samples was recorded. Samples were removed at regular in- 
tervals from the chamber, carefully cleaned with de-ionized 
water, and dried thoroughly with warm air and weighed. The 
mass gain per unit surface area exposed due to the formation 
of corrosion product was also recorded and plotted against 
the exposure time. 

In the electrochemical measurement of the samples, an 
EG&G PARC 273 potentiostat was used to obtain the poten- 
tiodynamic polarization scans. Two parallel graphite rods 
were used as the counter electrode and the saturated calomel 
electrode (SCE) was used as the reference electrode. Poten- 
tiodynamic polarization scans were carried out according to 
ASTM G5 practice, using deaerated 3.5% NaCl solution as 
the electrolyte at a scan rate of 0.6 V/h, scanning from - 1 to 
+1.2 V. The corrosion potential Eco„ and the corrosion cur- 
rent density icon were determined from the polarization 
curves using Tafel extrapolation. 

Magnetic measurements were performed after 136 h of 
exposure in the salt spray test. The samples were pulse mag- 
netized in a field of 35 kOe and demagnetized in a vibrating 
sample magnetometer (VSM) to obtain the demagnetization 
curves. The remanence Br and the coercivity Hci, were de- 
termined. 

TABLE II. Time of initial formation of brown rust in NSS test for different 
settings. 

Plating 
technique 

Pulse-plated 

dc-plated 

T Toil Time of initial formation 

0«) (MS) of brown rust (h) 

200 200 15 
200 400 16 
200 800 8 
200 2000 10 

III. RESULTS AND DISCUSSION 

Pulse Ni coating having a thickness of 12-15 fim was 
obtained and the cross section is shown in Fig. 1(a). The 
coating was smooth and good adhesion was observed be- 
tween the substrate and the coating. Pretreatment using dc 
plated semi-bright Ni was found to have greatly improved 
the adhesion of the coating to the substrate. The pretreatment 
prevented direct attack of the acidic bath on the magnet sur- 
face and hence prevented disintegration of the grains at the 
interlayer. Figure 1(b) revealed voids and pores appearing 
between the substrate and the coating without pretreatment. 
To achieve a high quality coating at a reasonable deposition 
rate, proper selection of current density is of primary impor- 
tance. In the present study the optimal average current den- 
sity was 1 A/dm2 at 50 °C, with a peak current density of 
6 A/dm2. An on time of 200 /ULS was employed since it is the 
most common selection for ferrous material with a reason- 
able deposition rate. 

The corrosion resistance of four different pulse-plated Ni 
coatings, together with dc-plated Ni coating and the bare 
sample was assessed in the salt spray environment. The sur- 
faces of dc-plated and pulse-plated samples before and after 
16 h of salt spray test are shown in Fig. 2. It could be seen 
that the dc coating was seriously damaged [Fig. 2(c)] while 
for the pulse coating, the corrosion product just began to 
form [Fig. 2(d)]. The time of initial formation of brown rust 
was recorded and listed in Table II. It was found that the 
initial time for rust formation in pulse-plated samples was 
retarded by a factor of 2 as compared with that for the dc 
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FIG. 2. Surfaces of samples before and after 16 h of exposure in salt spray 
test: dc-plated (a)(c); pulse-plated (b)(d). (3.5X). 
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FIG. 3. Mass gain per unit sample area exposed at different exposure times 
in NSS test. 
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TABLE III. Ecm and icorr from potentiodynamic polarization measurement 
of different plated samples. 

Samples 

Pulse-plated Ni (ron:Tof{= 1:2) 
dc plated Ni 
Uncoated Nd-Fe-B 

(mV) 

-440 
-530 
-940.7 

(/iA/cm ) 

0.12 
0.98 

115.7 

TABLE IV. Magnetic properties before and after salt spray test. 

Before NSS test After NSS test 

(kG) (kOe) 
Br 

(kG) (kOe) 
Loss in Br 

Pulse-plated Ni 
dc-plated Ni 
Uncoated 

11.3 
11.3 
11.6 

12.4 
12.3 
12.3 

11.2 
11.1 
10.9 

12.3 
12.3 
12.2 

0.88% 
1.77% 
6.51% 

plated samples, extending up to 16 h for coatings with an 
on-off time ratio of 1:2. For bare samples, corrosion products 
were visible after 2 h of exposure. 

The mass gain due to the formation of rust at different 
times of exposure is shown in Fig. 3. It was found that the 
mass increased at a faster rate after initial formation of rust, 
indicating breakdown of coating and exposure of the sub- 
strate to the salt mist environment. 

Potentiodynamic polarization test of the pulse Ni-plated, 
dc Ni-plated and the bare samples in 3.5% NaCl deaerated 
solution at room temperature was performed and the corre- 
sponding corrosion potential £corr and the corrosion current 
density imn were listed in Table III. The /corr of the bare 
Nd-Fe-B was much greater than those of the coated ones, in 
fact greater by a few orders of magnitude. The icon of the 
pulse-plated samples was lower than that of the dc-plated 
samples by about an order of magnitude. The reduction in 
corrosion rate is probably due to the removal of discontinui- 
ties and pores which are usually present in dc plating. The 
more noble value of Econ for pulse Ni coating indicated that 
the coating was more stable as compared with that of the 
conventional dc plating. Thus both the salt spray test and 
electrochemical test showed that the pulse-plated samples 
were more corrosion resistant than the dc plated ones. The 
improvement in corrosion resistance may be attributed to the 
structure of the coating in pulse plating, which is character- 
ized by finer grains and lower porosity, as shown in Fig. 4(a) 

versus the case of dc plating, Fig. 4(b).10 

After 136 h of exposure in the salt spray test, the mag- 
netic properties of the coated samples remained almost un- 
changed, whereas those of the bare samples decreased by 
about 6.5% (Table IV). 

IV. CONCLUSIONS 

Ni coating of thickness 12-15 /xm has been successfully 
applied to the magnets by pulse plating. The set of conditions 
used was: average current density =1 A/dm2, peak value 
=6 A/dm2, temperature=50°C, on-off times=200 ytis:400 
fis. The coating obtained was fine-grained and low in poros- 
ity, and adhered well to the substrate. Corrosion data from 
both the salt spray test and electrochemical test indicated that 
for similar coating thickness, the corrosion resistance of the 
pulse Ni-plated samples was at least doubled as compared 
with the dc-plated ones. Magnetic measurements revealed 
that the remanence and the coercivity of the magnets were 
unaffected by the Ni coating. 
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A pump with flat-ring-shaped magnets 
H. Saotome,a) T. Hagiwara, and Y. Sato 
Faculty of Engineering, Chiba University, Inage, Chiba 263, Japan 

Previously, authors developed a novel linear actuator with flat-ring-shaped magnets and applied it 
to a pump. In this article, the output power of the actuator and the efficiency of the pump are 
obtained by experiments. A pair of flat-ring-shaped Nd-Fe-B magnets having N and S poles on the 
surface are put on the same axis and face each other. Rotating one of the ring magnets in the 
direction of its circumference, an oscillating force occurs on the other magnet. When this magnet is 
restricted to linear motion along the axis, the mechanical power driving the rotating magnet is 
transferred to the linear motion power. A pump was made with this mechanism. The efficiency of 
the pump is experimentally obtained, where water pressure difference between the intake and the 
outlet has been changed. As a result, the efficiency of the pump attains to about 45%. The efficiency 
of the actuator itself is very high, because the actuator has no copper and iron losses, and a 
negligibly small eddy current loss. © 1998 American Institute of Physics. 
[S0021-8979(98)19011-4] 

I. INTRODUCTION 

With the development of strong metal magnets, various 
types of magnetic actuators have been proposed.1"3 Compar- 
ing electromagnetic solenoids and linear actuators with metal 
magnets, the actuators have some advantages. Metal magnets 
make positive and negative magnetic forces while the mag- 
netic force in solenoids is only attractive. No hysteresis loss 
occurs in a metal magnet when the alternate magnetic field 
intensity around the magnet is less than a certain value. If a 
linear actuator has no winding for the exciting current, the 
linear actuator causes no copper loss which yields a large 
amount of heat in solenoids. If a linear actuator is driven at 
low frequency, the eddy current loss in a metal magnet is 
very small. We have proposed a linear actuator which satis- 
fies all the conditions and has all the benefits mentioned 
above. And the actuator was applied to a pump.3 

In this article, the efficiency of the pump is estimated 
with the output power of the actuator. Also, the output char- 
acteristics of the pump, which have been obtained by experi- 
ments, are shown. 

II. FUNDAMENTAL MECHANISM 

Figure 1 shows the fundamental mechanism of the pro- 
posed actuator. Two flat-ring-shaped magnets are facing each 
other with the distance d. Each magnet has two magnetic 
poles on both sides. For example, the opposite side of /V-pole 
surface is S pole. By rotating the left magnet in the 6 direc- 
tion, push and pull forces occur on the right magnet. When 
the right magnet is restricted to linear motion, the magnet 
moves left and right alternately. As a result, the mechanical 
power driving the rotating magnet is transferred to the linear 
motion power. In order to make the magnetic field intensity 
yielding the forces large, the iron yoke is fixed to the rotating 
magnet on the left side. The push-pull force / occurring 
between the magnets in Fig. 1 is measured as a function of d 

"'Electronic mail: saotome@cute.te.chiba-u.ac.jp 

and 8 (Fig. 2). The outer and inner diameters of the magnets 
are 27 and 15 mm, respectively. The thicknesses of the mag- 
net and the iron yoke are 1.6 and 2 mm, respectively. The 
force pattern with respect to 6 is like a triangular wave when 
the distance d is small. 

A pump was made with the mechanism shown in Fig. 1. 
Figure 3 shows its structure. In order to have large output 
power of the pump, two pairs of rotating and linear motion 
magnets are used. The pump has two cylinders separated by 
a wall with two linear motion magnets. The force on each 
linear motion magnet is given by both of the rotating mag- 
nets. 

III. OUTPUT CHARACTERISTICS 

Figure 4 shows the experimental results of reciprocal 
linear motions of the wall in the pump, with respect to 6, 
when water pressure difference between the intake and the 
outlet has been changed from 0 mm Hg to 5.88 mm Ug. The 
origin of the wall position is the center between two rotating 
magnets in Fig. 3. The rotating speed is kept at 30 rpm in 
Fig. 4. The maximum displacement of the wall is restricted 
to ±2.8 mm by stoppers. 

In order to obtain the output power of the wall motion, 
x-f relation is calculated with the experimental results of 
Figs. 4 and 2, as shown in Fig. 5. Each area of the x-f loop 
corresponds to the output energy of one period of the wall 
motion for each pressure at 30 rpm. Figure 2 is used to 
transform 6 in Fig. 4 to / in Fig. 5. The output power of the 
wall motion, Pt, is plotted in Fig. 6 with respect to the 
pressure p. The output power Px (mW) is obtained by divid- 
ing the output energy (mJ), the area of the x-f loop in Fig. 5, 
by 0.5 Hz (=30 rpm). The measured water flow from the 
pump, Q, is also plotted in Fig. 6. It is found from Fig. 6 that 
P{ variation is between 20 and 25 mW at a constant speed of 
30 rpm. On the other hand, water flow output is decreased 
with an increase of the pressure. 

P] versus the rotating speed n is plotted in Fig. 7 for 
each pressure. Except for the case of p = 5.88 (mm Hg) over 
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FIG. 1. Fundamental mechanism of the actuator. 
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FIG. 6. The output characteristics of the wall motion and the water flow 
characteristics of the pump, with respect to the pressure (30 rpm). 
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30 rpm, Px varies linearly with n; also it is nearly the same 
for all the pressures studied. This result implies that each 
area of the x-f loop, corresponding to each P1; does not 
change considerably with respect to n and p. 

Figure 8 shows the output characteristics of the pump 
with respect to n, obtained by the product of the measured 
pressure and the measured water flow. It is found from the 
figure that the pump output P2 is approximately proportional 
to the rotating speed of the pump, n, except for the case of 
p = 5.88 (mmHg) over 30 rpm. 

From Figs. 7 and 8, we have the efficiency of the pump, 
as r)=P2IP\, because the output power of the wall motion, 
?!, is regarded as the output power of the actuator. Figure 9 
shows the efficiency characteristics of the pump with respect 
to the rotating speed n for each pressure. The efficiency rj 
increases with an increase of the pressure and reaches about 
45% when p = 5.88 (mm Hg). 

IV. CONCLUSION 

The efficiency of the proposed actuator itself is very 
high, because the actuator has no copper and iron losses, and 

0      10     20     30     40     50     60 
«(rpm) 

FIG. 9. The efficiency characteristics of the pump with respect to the rotat- 
ing speed. 

a negligibly small eddy current loss. We have experimentally 
obtained the output power of the actuator with the x-f loop 
given by the x- 6 and f-(x, 0) relations. And we have evalu- 
ated the efficiency of the pump with the output power ratio 
between the pump and the actuator. As a result, approxi- 
mately 45% efficiency is obtained. More than half of the 
output power of the actuator, P l - P2, is supposed to be trans- 
formed to the fluid and mechanical losses of the pump. 
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New phase boundary between magnetic and non-Fermi-liquid 
in CeCRh^^Ru^Bz, for 0^x^0.4 

E. Bauer, R. Häuser, A. Galatanu, A. Lindbaum, G. Hilscher, H. Sassik, 
and H. Kirchmayr 
Institut für Experimentalphysik, TU Wien, Wiedner Hauptstr. 8-10, Austria 

J. G. Sereni 
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P. Rogl 
Institut für Physikalische Chemie, Universität Wien, Währingerstrqße 42, Austria 

A study of the temperature-dependent magnetic susceptibility and electrical resistivity p(T) (0.5- 
300 K) on single-phase alloys (CaCu5 type), prepared by argon arc melting, reveals a magnetic 
phase transition with a nonmonotonous decrease of the ordering temperature from Tc= 115 K for 
x = 0 to Tc «* 0 for x = 0.40. A kink in the susceptibility at about 70 K indicates that ferromagnetism 
(at x<0.1) transforms to a complex magnetic order for 0.125«x«0.35. Above that concentration 
p(T) = p0+ATn changes from n«2 to n^l.5, a characteristic for non-Fermi-liquid behavior. 
Under pressure Tc stays almost constant for x = 0.125 but dTJdp grows with increasing Ru content. 
On the contrary, applied fields up to 12 T do not affect Tc. Low-temperature specific heat and ac 
susceptibility for x = 0.40 confirm the absence of long-range magnetic order down to 0.5 K. For 
x = 0.35 Cp/T=62 mJ/mol K at 1.5 K, a value which is three times larger than that of CeRh3B2. 
© 1998 American Institute of Physics. [S0021-8979(98)46511-3] 

I. INTRODUCTION 

With respect to our general interest in the CaCu5-type 
rare-earth intermetallics, the system Ce(Rh1_xRuAr)3B2 has 
attracted our attention because its low-temperature magnetic 
phase boundary is hitherto still uncertain. Former studies 
(e.g., Refs. 1-4) reported a rather drastic decay of ferromag- 
netic order from Tc = 115 K at x = 0 to Tc = 40 K at x = 0.1 
followed by a paramagnetic phase. However, there is no de- 
tailed analysis of the critical region, where Tc is expected to 
approach zero. Knowing that magnetic instabilities usually 
are accompanied by non-Fermi-liquid (NFL) behavior, the 
present article is devoted to a thorough exploration of the 
above-mentioned phenomena. 

II. EXPERIMENT 

Alloys with the composition x = 0.08, 0.125, 0.15, 0.2, 
0.25, 0.3, 0.32, 0.35, 0.375, and 0.4 were prepared by argon 
arc melting and were found to be single-phase CaCu5 type 
from x-ray powder diffraction analysis. Physical properties 
like electrical resistivity under pressure (<10kbar) and 
fields (< 12 T), dc- and ac-magnetic susceptibility as well as 
specific heat, were investigated in the temperature region 
from 500 mK to 300 K; the low-temperature region below 10 
K was studied using a 3He cryostat. 

III. RESULTS AND DISCUSSION 

The volume change in Ce(Rh1_xRux)3B2 is found to be 
nonlinear and anisotropic with the a parameter increasing 
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and c parameter decreasing with respect to pure CeRh3B2 

(Fig. 1). Similarly, the temperature variation of c is much 
more pronounced than that of a. While a remains practically 
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constant, c increases significantly with increasing tempera- 
ture. This observation refers to CeRh3B2 (Ref. 4) as well as 
to Ce(Rh0.65Ru0.35)3B2 (Fig. 2). 

A study of the temperature-dependent magnetic suscep- 
tibility MIH and electrical resistivity (Figs. 3 and 4) reveals 
a magnetic phase transition with a nonlinear decrease of the 
ordering temperature from Tc= 115 K for x = 0 to Tc^0 for 
x = 0.40. While in literature1 Tc***0 is extrapolated to x 
= 0.13, we still observe an anomaly in magnetic susceptibil- 
ity and resistivity within the concentration range for 0.125 
=£xs=0.35. This suggests the presence of magnetic correla- 
tions which peak at r™ax=67 K and * = 0.2. Above this tem- 
perature, the susceptibilities, recorded for the alloys with x 
= 0.125, 0.2 can be analyzed in terms of a modified Curie- 
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FIG. 3. (a) Temperature dependence of the inverse susceptibility HIM at 1 
T for ^ = 0.125, 0.2, and 0.4. The arrows indicate the onset of magnetic 
order, (b) Magnetization vs field at 2 K. 
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Weiss law yielding effective magnetic moments 
Aieff=1.5/iB (®p=-16K) and 1.3/iB (0„=-56K), re- 
spectively. The temperature-dependent susceptibility may al- 
ternatively be accounted for by crystal field contributions 
and indeed is well fitted [solid line in Fig. 3(a)] assuming a 
pure 
| ± 1/2) doublet ground state and a first excited | ± 5/2) level 
at 850 and 1090 K, respectively (Fig. 3). The | ± 3/2) state as 
uppermost level is at substantially higher energies. For such 
a level scheme, no contribution from hybridization was 
adopted. Figure 3(b) displays isothermal magnetization mea- 
surements at T=2K for x = 0.125, 0.2, and 0.4. As the Ru 
content increases, the magnetization diminishes, however, 
the observed overall values are extremely small. 

Within the ordered region, the concentration dependent 
variation of the magnetic contribution to the electrical resis- 
tivity corresponds to a crossover from long-range ferromag- 
netism (low Ru content) to a complex magnetic order. 
The latter conclusion is drawn from the low-temperature be- 
havior of the resistivity according to p(T) = p0+ATn 

Xexp(—T/AE), where n = 2 and AE accounts for a gap in 
the spin wave spectrum. A least-squares fit to the data indi- 
cates that the energy gap correlates with the magnetic order- 
ing temperature, again with a maximum value of 
AE/kB<**225 K at x = 0.2. Furthermore, p{T) is almost inde- 
pendent on fields up to 12 T. 

The pressure dependence of the ordering temperature of 
Ce(Rh1_xRuJ.)3B2 has been evaluated from resistivity mea- 
surements (Fig. 5). While Tc stays almost constant for 
x = 0.125, increasing Ru content invokes a higher influence 

of pressure upon Tc. On the contrary, applied fields do not 
affect Tc. 

As the magnetic order vanishes due to Rh/Ru substitu- 
tion (x>0.35), the temperature dependence of the electrical 
resistivity changes to a power law with an exponent close to 
1.5 (for T<30K). Such a dependence is inconsistent with 
Fermi liquid behavior. 

A low-temperature study of the specific heat for 
x = 0.40 confirmed the absence of long-range magnetic order 
and revealed a Cp/T value for 7,= 1.5K of about 
66 mJ/mol K2, which is about three times larger than that of 
CeRh3B2. 

A tentative fit of the specific heat data of 
Ce(Rh0 6Ru0.4)3B2 below about 1.5 K according to 
CpIT=a ln(T/T0) yields a logarithmic divergence (a<0) 
and a characteristic temperature T0=300K. In agreement 
with the resistivity results and according to a universal 
scaling2 of the form (Cp/T-E)T0=-1.2log(T/T0), where 
E accounts for the conduction electron system, a NFL state 
of this alloy is confirmed. In the scope of Doniach's model 
for Kondo lattices the Rh/Ru substitution is responsible for a 
shift of the system from a region with low values of J.N(EF) 
to large values of this parameter (here J is the s-f coupling 
constant and N(EF) is the electronic density of states at the 
Fermi energy). Hence, magnetic order vanishes and the de- 
pendence of Tc on pressure becomes significant. A tentative 
version of the magnetic phase diagram for the region 
0<x<0.4 is shown in Fig. 6. 

In summary, the presented results on the physical behav- 
iour in the alloy system Ce(Rh! _xRuJ.)3B2 define the appear- 
ance of an additional magnetic state with rather small or- 
dered moments in the concentration range 0.12<x<0.35. 
Above this composition a non-Fermi-liquid behavior is ob- 
served. 
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Magnetic ordering of Ce in the heavy-fermion compound Ce3AI 
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Neutron diffraction and specific heat measurements have been performed to study the magnetic 
ordering of the Ce ions in the heavy-fermion compound Ce3Al. Detailed crystal structure analysis, 
determined using high resolution neutron diffraction patterns and Rietveld method, shows that the 
Ce ions may be grouped into two types: one in the Ce-Al chain, the other in the Ce-Ce chain. The 
specific-heat data reveal an anomaly at T« 2.2 K, but the calculated magnetic entropy is much 
smaller than the expected R In 2 if all Ce spins ordered. Low temperature neutron diffraction 
measurements confirm that the transition at 2.2 K is magnetic and is associated with the ordering of 
the Ce spins. The magnetic unit cell is double the nuclear one along the a and c axes, and contains 
48 Ce ions. Only the Ce ions in the Ce-Al chains participate in the ordering at 2.2 K, and they are 
coupled antiferromagnetically.   © 1998 American Institute of Physics. [S0021-8979(98)21011-5] 

The unusual properties found in heavy-fermion systems 
continue to generate renewed interest in the /-electron mate- 
rials. Their physical origin is believed to effectively arise 
from the strong coupling between the conduction electrons 
and the fluctuating /-electron moments.1'2 Among the Ce- 
based compounds, the family CexMy has attracted consider- 
able attention. On the magnetic side, antiferromagnetic order 
has been observed in CeAl and CeAl2, whereas no ordering 
was found down to 0.6 K in CeAl3. Previous studies3'4 have 
shown that the thermodynamic, magnetic, and transport 
properties of intermetallic Ce3Al behaves as a heavy-fermion 
system. Above 520 K, Ce3Al crystallizes into the cubic 
Cu3Au type of structure (/3-Ce3Al), below which it trans- 
forms into the hexagonal Ni3Sn type of structure (a-Ce3Al). 
Another structural transition occurs at 115 K, below which 
monoclinic (but very close to orfhorhombic) symmetry was 
found (y-Ce3Al).5 A Kondo effect develops below 20 K, 
and antiferromagnetic ordering is expected at —2.5 K. In 
this article, we report studies made on the ordering of the Ce 
spins in y-Ce3Al, by using specific heat and neutron diffrac- 
tion measured at low temperatures. A relatively small value 
for the magnetic entropy was observed, and only a portion of 
the Ce spins orders in a simple antiferromagnetic arrange- 
ment at 7^2.2 K. 

A polycrystalline sample of Ce3Al was prepared by arc 
melting high-purity cerium (99.99%) and aluminum 
(99.9999%) in a helium atmosphere. The arc-melting process 
was repeated 20 times to obtain a more homogeneous 
sample. After arc melting, the ingot was sealed in vacuum, 
followed by annealing at 500 °C for 3 days and then 200 °C 
for another three weeks to relieve strains and promote con- 
version from the cubic to hexagonal phase. Ce3Al is highly 
ductile, and is quite stable against oxidation. The fabricated 

sample was characterized using high resolution neutron dif- 
fraction and Rietveld analysis,6 covering a range in tempera- 
ture from 300 to 12 K. At 300 K, a-Ce3Al was found with 
essentially no unexpected peaks present. We estimated the 
impurity levels to be less than 1%. Below 110 K, both 
a-Ce3Al and y-Ce3Al were present, with the y phase gradu- 
ally becoming dominate with reducing temperature. At 12 K, 
it shows 92% y-Ce3Al phase and 8% a-Ce3Al phase, with 
monoclinic lattice parameters a = 6.8212(6) Ä, b 
= 12.458(1) Ä, c = 5.3587(4) Ä, and the angle between the 
a andfc axes y= 89.96(1)°. 

The specific heat data were taken on a 9 mg thin speci- 
men employing the time constant technique.7 Shown in Fig. 
1 is the temperature dependence of the specific heat below 25 
K. The main feature seen is the peak at T= 2.2 K, which is 
associated with the ordering of the Ce spins (see below). 
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FIG. 1. Temperature dependence of the specific heat. The peak at 2.2 K is 
associated with the ordering of the Ce spins. The solid curve shows the 
contributions from phonons and conduction electrons. Shown in the inset is 
the magnetic entropy calculated from the magnetic specific heat data. 
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FIG. 2. Magnetic diffraction pattern obtained at T=0.4 K, where the indi- 
ces shown are based on the nuclear unit cell. The solid curves are fits of the 
peaks to the Gaussian instrumental resolution function. 

Above 10 K, the contribution from phonons becomes domi- 
nate. The solid curve shown is a fit of the data obtained 
between 15K=srs=40K (not shown) to the expression 
C(T)=yT+ßT3, with y=95 mJ/mol-Ce-K2 for the contri- 
bution from electrons and /3=0.77 mJ/mol-Ce-K4 from 
phonons. The value obtained for the linear coefficient y is 
about two orders of magnitude larger than that for ordinary 
metals. It is, however, still smaller than what is usually ob- 
tained for heavy-fermion compounds. 

The magnetic contribution to the specific heat Cm may 
be isolated by subtracting the phonon and electron terms 
discussed above from the observed data. Shown as an inset 
in Fig. 1 is the magnetic contribution to the entropy, deter- 
mined by calculating the area beneath the CmIT versus T 
curve. We may expect that the low crystal symmetry of 
monoclinic y-Ce3Al should split the 7=5/2 line for Ce into 
three doublets. An integrated entropy of R In 2 
= 5.76 J/molK is then anticipated for the ground state. The 
observed value, however, is substantially smaller at all tem- 
peratures shown. This may indicate only a fraction of the 
entropy of a doublets is liberated at the magnetic phase tran- 
sition. 

Neutron diffraction experiments were conducted at the 
US NIST Research Reactor. Data were collected on the BT-9 
triple-axis spectrometer operated in double-axis mode with- 
out using an analyzer crystal. The incoming neutrons had a 
wavelength of 2.352 A defined by a pyrolytic graphite (PG) 
(002) monochromator, with a PG filter placed in front of the 
monochromator to suppress higher-order wavelength con- 
taminations. Collimators with horizontal divergences of 40', 
48', and 48' full width at half maximum acceptance were 
used for the in-pile, monochromatic, and diffracted beams, 
respectively. The samples were mounted in an aluminum can 
filled with helium exchange gas to facilitate thermal conduc- 
tion at low temperatures. A pumped 3He cryostat was used to 
cool the sample, and the lowest temperature achieved was 
0.4 K. 

Figure 2 shows the magnetic diffraction peaks that de- 
velop as the temperature is reduced from 4 to 0.4 K. These 
data are obtained by subtracting the diffraction pattern taken 
at 4 K from the one taken at 0.4 K. This magnetic diffraction 
pattern originates from the Ce spin ordering. The solid 
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FIG 3. The proposed spin configuration. Only the Ce in the Ce-Al chains 
order, with TN*=>2.2K. 

curves shown are fits of the data to the Gaussian instrumental 
resolution function, and the peaks may all be indexed (as 
shown) based on the monoclinic nuclear unit cell. A half- 
integer value for the Miller's index means that the length of 
the magnetic unit cell along the corresponding axis is double 
that of the nuclear one. The magnetic unit cell is then double 
the nuclear one along both the a and b axis directions. It 
contains 48 Ce ions, since there are 12 in each nuclear unit 
cell. 

The arrangement of the Ce spins can be determined from 
the relative intensities of the magnetic peaks.8 Although the 
structure of the y phase is complicated, it, however, can be 
viewed as consisting of slightly tilted Ce-Al and Ce-Ce 
chains (hence Ce3Al) along the a axis alternately stacked 
along both the b and c axis directions, as shown in Fig. 3. 
Finding the spin arrangement is not a simple matter in the 
present case, since there are 48 Ce ions in the magnetic unit 
cell. We tried over 80 models, each with a different spin 
arrangement, considering essentially all possible arrange- 
ments including collinear and noncollinear structures. Start- 
ing with the assumption that all Ce spins are ordered, we 
found two models that could describe the correct d spacings 
for the observed magnetic pattern. However, the spin direc- 
tion was found to be arbitrary, leading us to believe that the 
models were not physical. We next tried models assuming 
either only the Ce in the Ce-Ce chains or those in the Ce-Al 
chains order. No satisfactory models were found in the 
former case, while the model in which the Ce spins in the 
Ce-Al chains are aligned antiparallel with no moments on 
the Ce in the Ce-Ce chains, was found to describe the ob- 
served pattern fairly well. The spin structure of this proposed 
model is shown in Fig. 3, and comparisons between the ob- 
served and calculated intensities are listed in Table I. We 
note that the goodness of the fit of this proposed model is the 
best among all models studied. This result of only a portion 
of the Ce spins participates in the magnetic order at this 
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TABLE I. Observed and calculated magnetic integrated intensities at 0.4 K. 
The intensities are normalized with respect to the {1/2 2 1/2} intensity. 3800 

Scattering angle (deg.) IntegrateC intensity 3600 Miller index 
(h k I) Observed Calculated Observed Calculated 

•S 3400 
(1/2 0 1/2) 16.1 15.9 1.18 1.29 e 
(1/2 1 1/2) 19.1 19.3 2.81 2.98 2 3200 
(1/2 2 1/2) 27.1 27.1 1 1 § 
(3/2 1 1/2) 34.1 34.4 0.30 0.27 

U 3000 
(1/2 3 1/2) 36.8 36.8 0.96 0.90 
(3/2 2 1/2)+ (1/2 0 3/2) 39.2 39.5 1.04 0.76 
(1/2 2 3/2) 45.4 45.7 1.05 1.19 2800 

(3/2 3 1/2) 47.0 46.9 0.19 0.26 
(1/2 4 1/2)+ (1/2 13/2) 47.5 47.5 0.23 0.58 2600 

transition is consistent with the conclusion made in a sepa- 
rate study4 based on specific heat and resistivity measure- 
ments. Dividing the rare-earth ions into two sublattices has 
been suggested for the Ce in CeAl as well, where different 
magnetizations (magnitude and direction) were proposed for 
the two sublattices.9 

The variations of the {5O2} an<i {212} Peak intensities 
with temperature are shown in Figs. 4(a) and 4(b), respec- 
tively. Both plots reveal basically the same temperature de- 
pendence, and a typical order-parameter curve for polycrys- 
talline samples. On cooling, the intensity starts to grow 
around 2.5 K, increasing in the usual way, and reaching satu- 
ration around 1 K. The ordering temperature for the Ce 

spins, as determined by the inflection point of the {jlj} 
curve, is TN^ 2.2 K. This ordering temperature matches the 
temperature at which the peak in C(T) occurs. By comparing 

the {^ 2"} integrated intensity to the {110} nuclear one, we 
obtained the low temperature saturated moment of (fiz) 
= 1.24(3) /xB for each Ce ions. 

In summary, we have performed specific heat and neu- 
tron diffraction measurements to study the ordering of the Ce 
spins in a poly crystalline Ce3Al. Intermetallic Ce3Al may be 
classified as a heavy-fermion system, as its electronic spe- 
cific heat is much larger than that of ordinary metals. How- 
ever, the electrons in Ce3Al are not as heavy as those in other 
heavy-fermion systems like CeAl3 and UPt13. Below 110 K, 
Ce3Al transforms gradually from hexagonal a phase into 
monoclinic y phase with reducing temperature. A magnetic 
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FIG. 4. Temperature dependence of the {;0j} and {jl j) peak intensities, 
showing the variation of the square of the staggered magnetization with 
temperature. 

transition associated with the ordering of the Ce spins was 
observed to occur at TN^2.2 K. Only those Ce ions located 
on the Ce-Al chains participate in this ordering. The cou- 
pling is antiferromagnetic in nature, and a simple collinear 
antiferromagnetic spin arrangement was found. However, the 
calculated entropy is about 40% smaller than the observed 
value. We believe that crystalline electric field effect plays 
an important role in this issue, and inelastic neutron scatter- 
ing measurements are needed to resolve this point. 
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Size and dimensionality effect in single-impurity Anderson model 
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The dimensionality and the size effect on the magnetic properties of the single-impurity symmetric 
Anderson model in three-, two-, and one-dimensional lattices has been studied using the quantum 
Monte Carlo method. We have considered clusters with odd number of sites with the impurity 
placed at the center of the cluster and have employed open boundary conditions. In 3D and ID 
lattices, we find that at sufficiently low temperatures, the system can be in either a spin compensated 
or noncompensated state as the cluster size is reduced. On the other hand, in 2D the system is always 
in a spin-compensated state independent of the cluster size. These results imply physics beyond that 
contained in the simplest Kondo model and may explain the discrepancy between two recent 
experimental results.   © 1998 American Institute of Physics. [S0021-8979(98)30811-7] 

The Kondo effect involves the interaction of a localized 
moment with an electron gas and is relevant to the behavior 
of dilute magnetic alloys, as well as concentrated systems 
such as the heavy-fermion materials. The ground state of the 
single-impurity Kondo problem is a singlet in which the lo- 
cal moment is "compensated" by the conduction electrons 
due to the antiferromagnetic exchange interaction between 
the local moment and the conduction electrons.1 Several cal- 
culations predict that the length scale of the compensation 
cloud is of the order RK^hvFl2TrkBTK.2 On the other hand, 
several experiments suggest that the length scale is of an 
order of magnitude smaller than the theoretical value or that 
the polarization cloud may not even exist.3 Thus surpris- 
ingly, despite the large amount of work on the Kondo prob- 
lem, it appears that the question of length scale is far from 
settled. 

Nearly all of the work on the single-impurity Kondo 
problem has involved bulk, i.e., three-dimensional systems. 
However, in recent years the behavior and the properties of 
the spin-compensation cloud in lower-dimensional (quasi- 
one and quasi-two dimensional) systems have attracted much 
attention both experimentally4-8 and theoretically.9'10 Since a 
length scale (RK) is associated with the Kondo effect, one 
might expect the Kondo behavior to be different in a small 
system (as compared to a "bulk" sample), provided that one 
or two dimensions are small compared to the relevant length 
scale RK. The experimental results can be summarized as 
follows: (i) A large size dependence was found for Au(Fe) 
and Cu(Fe) thin films (for film thickness less than 2000 Ä), 
where the Kondo contribution to the resistivity is 
suppressed;4 (ii) no size dependence of the Kondo resistivity 
was found in Au(Fe) wires when the width dependence of 
the electron-electron interaction contribution to the resistiv- 
ity was taken into account;7 and (iii) the Kondo temperature 
TK shows no size dependence.6 

The purpose of this paper is to investigate the effect of: 
(1) the size of the system and (2) the dimensionality on the 
ground-state properties of the single-impurity Anderson 
model. Although the effect of size on the Friedel resonance 

was studied recently by Bergmann,12 to our knowledge, the 
effect of dimensionality on the ground-state properties has 
not been studied theoretically. In reduced dimensions, sys- 
tems may exhibit anomalous properties. For example, the 
Van Hove singularities in the density of states and the nested 
Fermi surface in a two-dimensional lattice or the charge- 
density instability in one dimension may effect the ground 
state properties of the Kondo problem. 

Quantum Monte Carlo methods have been used previ- 
ously to study the single-impurity Anderson model and have 
provided great insight into the magnetic properties.13'14 How- 
ever, while in all previous simulations the magnetic impurity 
is placed in a three-dimensional infinite sea of conduction 
electrons, in the present work the conduction electrons are 
confined on a regular lattice. In order to study the size effect, 
we employ open boundary conditions and place the magnetic 
impurity in the middle of the lattice. In open boundary con- 
ditions, conduction electrons that reach the boundary sites 
can hop only back to interior sites. We have changed the 
dimensionality and the size of the lattice and have studied 
the local moment and the temperature dependent impurity 
susceptibility. The results of the numerical simulations indi- 
cate that the properties of the ground state are quite different 
than those for the bulk systems depending on the dimension- 
ality and the size of the lattice, and may explain the discrep- 
ancy between two recent experimental results.5-7 

The single-impurity Anderson model is 

H=-r2   (ctacjcr+H.c.) + Ed^ d+da+Und^ndl 
(ij)o- a- 

+ V(ctdcr+h.c.), (1) 

^Electronic mail: nkioussi@newton.csun.edu 

where cia. creates a conduction electron on site i with spin 
a, d* creates a localized electron on the impurity site i0 with 
spin a, Ed is the energy of a singly occupied impurity level, 
U is the Coulomb interaction between two d electrons on the 
impurity site, and V is the on-site hybridization energy be- 
tween the conduction-electron orbital and the impurity- 
electron orbital. 

We have used a finite-temperature Monte Carlo tech- 
nique with an exact updating procedure. A typical Monte 
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Carlo run involved 5000 sweeps through the lattice and the 
statistical error for the quantity measured was negligible ex- 
cept where shown. The finite time slice ST introduces a sys- 
tematic error. Simulations with (5r=0.125 and 0.25 give re- 
sults which differ only by a few percent. As a check on our 
Monte Carlo algorithm we have done extensive comparison 
with exact diagonalization results for an impurity interacting 
with a two-site conduction-electron lattice. We consider the 
symmetric case with Ed= — U/2, which is the most favorable 
for the formation of an impurity magnetic moment, and the 
case of half-filled conduction band and one localized d elec- 
tron. This choice ensures particle-hole symmetry. The Monte 
Carlo simulations were carried out in the intermediate pa- 
rameter regime, where the correlation effects are comparable 
in size to the hybridization interaction, i.e., Ult=Vlt= 1. In 
the intermediate regime Monte Carlo simulations provide es- 
sentially exact results, whereas analytic approaches are most 
likely to fail or be inaccurate. 

In order to investigate the effect of size and dimension 
on the spin-compensation cloud, we have calculated the im- 
purity local moment: 

((ad
z)

2) = ((ndl-nd[)
2). (2) 

In Fig. 1 we show the local moment, ((o\,2)), versus the 
cluster size (Ln for n dimension) for three [Fig. 1(a)] two, 
[Fig. 1(b)] and one dimension [Fig. 1(c)] at low temperatures 
ß=l6/t. One can see that the local moment in one and three 
dimensions oscillates as the lattice size is reduced. This re- 
sult indicates that for 3D and ID there are two different types 
of ground states, a compensated one (for L = 5, nine sites) 
and an uncompensated one (for L = 3, seven sites). The local 
magnetic moment associated with the uncompensated 
ground state is larger than that of the compensated state and 
and shows a larger size effect. The moment decreases expo- 
nentially with lattice size, /x^e~LIL°, where L0 is 7.6 for 3D 
and 12.8 for the ID lattice. On the other hand, the local 
moment in 2D varies monotonically with lattice size, indi- 
cating the existence of one type of ground state only, the 
compensated one. 

The size effect in ID can be understood by examining 
the Anderson-Hamiltonian for U=0 which can be diagonal - 
ized exactly. The eigenfunctions in ID can either be of odd 
or even parity depending on the number of sites in the sys- 
tem. The eigenfunctions of even (odd) parity have a large 
(small) spectral weight on the impurity site which gives rise 
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FIG. 1. Local magnetic moment, ((of)2), vs cluster size L" for £7=1, V 
= 1, and ß= 16 in (a) a 3D cubic lattice, (b) a 2D square lattice, and (c) a ID 
lattice. 
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FIG. 2. Impurity magnetic susceptibility vs log2 T for U= 1 and V= 1 for 
(a) 3D lattice, (b) 2D lattice, and (c) ID lattice, for the cluster size L" 
= 3" and L" = 5", respectively. 
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to a strong (weak) antiferromagnetic interaction between the 
local and conduction electrons. Thus, for cluster size of L 
= 3,7,... the states at the Fermi energy are of odd parity giv- 
ing rise to an "uncompensated" state, whereas for L 
= 5,9,... the states at the Fermi energy are of even parity 
giving rise to a "compensated" ground state. 

In order to gain further insight of the nature of the 
ground state, we have calculated the impurity rf-spin mag- 
netic susceptibility 

T = 1 x f Jo 
dr(ad

z(r)ad
z(0)), (3) 

as a function of temperature. In Fig. 2, we plot the ' 'effective 
moment,'' Tx, vs log2 T for three [Fig. 2(a)], two [Fig. 2(b)], 
and one dimension [Fig. 2(c)] for the cluster size L"= 3" and 
L" = 5" (n is the dimension), respectively. If the ground state 
is compensated, the effective moment, Tx, should decrease 
to zero at lower temperatures, signaling the quenching of the 
local moment. In Fig. 2, we plot these calculations with L 
= 3 and 5. It is clear that in 3D and ID, the ground state can 
be either a compensated (L = 5) state or an uncompensated 
(L = 3) state, while the ground state in the 2D lattice can 
only be a compensated state. 

In order to check the effect of boundary conditions on 
the ground state properties, we have also carried out Monte 
Carlo simulations for systems with even number of sites em- 
ploying periodic and antiperiodic boundary conditions. The 
results for the size and dimensionality effect on the ground 
state properties are similar to those reported in this work for 
the case of systems with odd number of sites with open 
boundary conditions. 

The absence of a size effect in our calculations for the 
2D lattice is consistent with the experimental results of 
Chandrasekhar et al.7 On the other hand, the presence of a 
size effect in 3D is consistent with the experimental results 
of Giordano et al.5'6 The Kondo temperature inferred from 
the temperature dependence of the impurity magnetic sus- 
ceptibility does not depend on the system size in ID, 2D, and 

3D lattices, which is consistent with the experimental 
results.5-8 It is interesting to consider the case of a magnetic 
impurity doped quantum dot, although no experimental re- 
sults are currently available. Our results in ID suggest that 
the ground state of the quantum dot can be a compensated or 
an uncompensated state as the size of the wire is reduced. 

In conclusion, the dimensionality of the conduction elec- 
trons affect their interaction with the impurity resulting in a 
compensated or an uncompensated ground state for the case 
of 3D and ID depending on the lattice size, and to a com- 
pensated ground state for the case of 2D. The dimensionality 
and size effect are consistent with the experimental results 
for the Kondo resistivity anomalies in doped films and wires. 
We predict that there should be a large size size effect in 
doped quantum dots. 
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(CSUN) was supported through the National Science Foun- 
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f-Electron delocalization/localization and the abrupt disappearance 
of uranium magnetic ordering with dilution alloying 

B. R. Cooper8' and Y.-L. Lin 
Department of Physics, West Virginia University, Morgantown, West Virginia 26506-6315 

We have applied the model and technique previously applied to the change of Curie temperature 
with pressure for correlated-electron uranium systems to predict the change in Curie temperature 
and ordered moment with dilution alloying. The theory is remarkably successful in its predictions, 
and this success has important implications for the overall understanding of magnetic ordering in 
correlated-electron systems including heavy fermion systems. For US, the dilution alloying behavior 
found experimentally is dramatic. In U^La^^S, the magnetic ordering abruptly disappears at about 
55% uranium. Our ab initio-based theory quantitatively predicts this abrupt disappearance while 
also quantitatively predicting the monotonic decrease of Curie temperature with pressure for 
undiluted US. In addition, in agreement with experiment, the theory predicts the correct trend for the 
magnetic ordering to disappear with dilution, while at the same time absolutely and quantitatively 
predicting the nonmonotonic variation of Curie temperature with pressure, for USe and UTe. The ab 
initio-based model gives absolute material-specific predictions using input from the local density 
approximation paramagnetic uranium /-electron-projected density of states plus ab initio calculated 
values of the correlation energy U. The key physics of the model is the recognition and 
quantification of the concept that the / spectral density in the vicinity of a specific uranium nucleus 
(so-to-speak in the muffin-tin sphere) can either be in a stable f configuration for a long enough 
period of time that, through coupling to other such stable /3 sites, it can magnetically order, or can 
be in a situation such that the configuration fluctuates rapidly between/3 and/2, and for purposes 
of magnetic ordering acts like a hole in the /-electron lattice in the same way that substitution of 
lanthanum for uranium creates a hole. Both pressure and dilution alloying, by causing an increase 
in /-delocalization, increase the fraction of uranium sites in the rapidly fluctuating, magnetically 
ineffective, condition. For dilution alloying, at a certain point this increase in fluctuations causes the 
stable /3 component to fall abruptly below a critical value necessary to sustain any magnetic 
ordering, and hence brings about a catastrophic collapse in magnetic ordering. © 1998 American 
Institute of Physics. [S0021-8979(98)21111-X] 

I. INTRODUCTION AND PHYSICAL PICTURE 

The magnetic ordering of the NaCl-structure uranium 
monochalcogenides under high pressure and upon dilution 
alloying experimentally provides extremely interesting phys- 
ics. This includes the nonmonotonic variation of the Curie 
temperature (Tc) under pressure1-3 for USe and UTe and the 
abrupt disappearance of magnetic ordering in UxLa[ ~XS at 
about 55% uranium (far above the percolation limit)4'5 and 
similar behavior for6 diluted USe and UTe. By dilution al- 
loying, we mean alloying as in the case of U^La^^S, where 
one can alter the magnetic interactions among the /-electron 
ions by an alloying process that keeps the background non-/ 
chemical environment essentially unchanged. Except for a 
small change in lattice constant, magnetically this simply 
creates ' 'holes'' at those lattice sites where, e.g., lanthanum 
replaces uranium in US. Understanding this physics, as de- 
scribed below, provides us with valuable insight into the 
mechanisms controlling magnetic ordering in systems of par- 
tially delocalized / electrons (cerium and light actinides) that 
hybridize with non-/ band electrons in the presence of on- 
site coulomb repulsion. This understanding and the method- 

a)Electronic mail: bcooper@wvu.edu 

ology developed, in fact, gives us a quantitative material- 
predictive theory for the magnetic ordering aspects of heavy 
fermion behavior. 

The central problem of treating magnetism in cerium and 
light actinide compounds with metals and metalloids is how 
to deal with the / delocalization in energy and space and the 
associated hybridization of the / electrons with p or d elec- 
trons coming from other atoms. To improve this treatment, in 
effect, means improving the treatment of correlation effects. 

In past work,7"9 we have discussed how the physics can 
be captured by including two-electron correlations involving 
a single on-site / electron and a single / (p/d) electron of 
off-site parentage as well as on-site /-/ correlations. In 
model calculations,7 we have shown that this leads to the 
possibility of narrow singlet (nonmagnetic) and triplet (mag- 
netic) bands "competing" to be the ground state of the sys- 
tem. This then reproduces the range of specific heat and sus- 
ceptibility behavior characteristic of heavy fermion systems, 
where it is essential to include the temperature dependence 
of the Fermi energy in the calculations. In effect, the essen- 
tial feature of the Kondo effect, the possible formation of a 
spin-singlet state as the ground state and the competition 
with a magnetic state to provide the ground state, is already 
present at the level of including only two-electron correla- 
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tions. Thus the use of the impurity Kondo model and the 
resulting Kondo resonance (see Ref. 10 for a discussion) is 
not required to explain heavy fermion phenomenology. We 
have also shown8'9 that essentially the same singlet/magnetic 
state picture arises when we include two-electron /— / and 
/—/ correlations for actinides, which have atomic f con- 
figurations with n>\. We have outlined9 a practical elec- 
tronic structure scheme for real materials based on a se- 
quence in which a conventional one-electron electronic 
structure calculation is followed by a calculation for the lat- 
tice with a heliumlike two-electron hamiltonian at the /-atom 
sites. This procedure will reconstruct the LDA bands to in- 
clude two-electron texturing, i.e., will impose a substructure 
of extremely narrow nonmagnetic and magnetic bands lead- 
ing to the phenomena modeled in Ref. 7 depending on where 
the Fermi energy falls with respect to this extreme narrow- 
band substructure. 

In order to treat specific observable spectral features and 
their thermodynamic (e.g., specific heat, susceptibility) and 
transport property consequences, we would have to carry out 
the two-electron computational procedure outlined in Ref. 9. 
At present, we have not yet carried out calculations using the 
procedure outlined in Ref. 9. However, because they are glo- 
bal properties (i.e., involve the spectral density in an inte- 
grated sense), we can nevertheless perform ab initio-based 
calculations for the Curie temperature and ordered moment. 
Such calculations were first described in Ref. 11 for the Cu- 
rie temperature variation with pressure and here are refined 
and extended to treat the Curie temperature and ordered mo- 
ment change with dilution alloying as well as the change of 
Tc with pressure. 

The ab initio-based model of Ref. 11, as refined and 
extended here, gives absolute material-specific predictions 
using input from the uranium /-electron-projected paramag- 
netic LDA density of states from supercell calculations plus 
the ab i'ra'ft'o-calculated correlation energy U. There is one 
arbitrary feature: how to separate the localized / spectral 
density from the delocalized / spectral density. We adopt a 
boundary defined by the energy where, upon decreasing en- 
ergy from the j = 5/2 peak in the density of states, there is a 
distinct difference between the total and the /-projected den- 
sity of states. (In effect, this is the energy where significant 
hybridization begins to occur between the / electrons and the 
non-/ band electrons. Operationally, we define this as the 
energy where the density of states first stops dropping mono- 
tonically from the peak, i.e., the first local minimum in the 
density of states.) Once this is done, there is only one non-ab 
initio number that must be provided for a given material, 
e.g., US. This is setting the starting (baseline) division be- 
tween occupation of uranium states where an f (magnetic) 
configuration exists for long enough for those sites to be able 
to magnetically order and those states which fluctuate be- 
tween an f2 configuration and an /3 configuration suffi- 
ciently rapidly to, in effect, provide magnetic holes in much 
the same way as a La site. We choose that single number 
(i.e., the baseline fraction of uranium sites with stable f 
configuration) for the pure (unalloyed) material (e.g., US) at 
ambient pressure. 

The catastrophic ordered magnetic moment collapse that 
occurs at 55% uranium for U^La^^S is then a consequence 
of three effects providing an extremely nonlinear magnetic 
response to the dilution: most importantly, the increased de- 
localization acts wholly to reduce the stable f component, 
secondarily that f component becomes more localized, 
hence giving less coupling for a given/3-/3 separation, and 
in addition the f sites are spread further apart with increas- 
ing lanthanum dilution. While probably secondary in trigger- 
ing the ordered moment collapse, the extreme localization, as 
it disappears, of the remaining /3 component, may be central 
to the observation of heavy fermion effects. 

II. CALCULATIONAL PROCEDURE 

Using the Hubbard model, following the procedure de- 
scribed in Ref. 11, the coupling (/) between localized mo- 
ments on an fee lattice is obtained from the width of the 
localized peak in the uranium /-electron-projected density of 
states and the calculated correlation energy (£/). If t is the 
interatomic interaction, then for an fee lattice, the localized 
peak width T is related to t through T= 1.04f and J=t2/U. 
The magnetic ordering is then calculated exactly as in Ref. 
11 for an Ising lattice (used to mimic the very large magnetic 
anisotropy) with holes. 

The key point is to identify the number of holes, i.e., the 
average number of sites not occupied by stable f uranium. 
We do this by first establishing a baseline fraction of stable 
/3 sites for the pure unalloyed material at atmospheric pres- 
sure. This is the one point at which we either insert a physi- 
cally motivated guess or use one piece of experimental data 
or use a value to balance between fitting several pieces of 
data. The obvious choices for this purpose are the low- 
temperature ordered moment, the Curie temperature, or the 
LDA/-electron count. For US all three of these indicate very 
closely the same baseline value. The experimental low- 
temperature ordered moment per uranium of US from the 
recent neutron measurements of Ref. 5 is 1.60 fiB, and from 
the magnetization measurements of Ref. 4 is 1.55 /ULB. This is 
slightly less than half the ordered moment expected for U3 + 

(f3 uranium) (3.27 JJLB) . This would give a baseline frac- 
tion of stable/3 of 0.49. The LDA/ count is close to 2.5 for 
US, indicating a baseline f fraction of 0.5. In addition, for 
US as discussed below with that choice of 0.5, the calculated 
Tc is 183 K compared to the experimental value of4'5 180 K. 
So we take the baseline value of holes as 50% for pure US at 
atmospheric pressure. (This is a different baseline than in 
Ref. 11, and there are also some changes in the technical 
details. Thus the predicted variation of Curie temperature 
with pressure shown below differs somewhat from that of 
Ref. 11.) 

For USe and UTe, our choice of the starting baseline 
fraction of stable /3 uranium guided by the data of Ref. 12 
and the LDA/ counts is 0.67 and 0.80, respectively. It is this 
greater degree of localization, of having more stable /3, on 
going from US to USe to UTe that gives rise to the dramati- 
cally different variation of Tc with pressure. 

Then the key input information from the LDA calcula- 
tions is how this baseline number of holes increases with 
pressure and dilution alloying as the hybridization with the 
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FIG. 1. Calculated Curie temperature for US compared to experiment for 
change with La dilution in (a) (experimental results from Ref. 5) and for 
change with pressure in (b) (experimental results from Ref. 3). 

pld electrons increases. We do this by calculating the de- 
crease in integrated /-spectral weight per uranium contained 
in the localized peak of the LDA density of states. Thus for 
US, for pressure effects, the increase in holes comes wholly 
from the size of that spectral transfer, which decreases the 
0.5 electron per uranium that on average defines the baseline 
fraction of well ordered /3 uranium. 

For dilution alloying, there are two ways in which the 
number of holes increases, by the shift of spectral weight per 
uranium from the localized peak to the itinerant tail (an il- 
lustrative figure and illustrative numerical results for the pre- 
vious pressure calculation can be seen in Ref. 11), i.e., the 
same effect as caused by pressure. In addition, substitution of 
a lanthanum by itself gives a hole. Thus dilution alloying has 
a much enhanced effect on magnetic ordering. The actual 
LDA calculations for dilution alloying have been carried out 
using supercells containing four uranium/lanthanum sites 
and four anion sites. Thus, at present, we can predict alloying 
effects only at intervals of 25% dilution. 

III. RESULTS AND DISCUSSION 

The predicted variation of Curie temperature with pres- 
sure and dilution alloying is compared to experiment3'5 for 
US in Fig. 1. We emphasize that the predictions are absolute. 
All input information is ab initio except for the baseline 
specification of the fraction of stable /3 uranium for unal- 
loyed US at atmospheric pressure. In Fig. 2, we show the 
comparison between the predicted and experimental5 low 
temperature ordered moment for U^La^^S. The remarkable 
agreement of prediction with experiment shown in Figs. 1 
and 2, including the collapse of magnetic ordering somewhat 
above 50% uranium, provides strong confirmation of the cor- 
rectness of the physical picture used. We have also calcu- 
lated the predicted normalized ordered moment and Curie 
temperature behavior for diluted USe and UTe and repro- 
duce the experimentally observed6 trend. For the baseline f3 

fractions used (0.50, 0.67, and 0.80 for US, USe, and UTe, 
respectively), the predicted Curie temperature and ordered 
moment are 183 K and 1.64 /J,B (experimentally 180 K and 
1.6 fiB) for US, 149 K and 2.19 /iB (experimentally 160 K 
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FIG. 2. Calculated low-temperature ordered moment per uranium compared 
to experiment (from Ref. 5) for UvLa!_vS. 

and 2.0 /J,B) for USe, and 91 K and 2.6 /xB (experimentally 
104 K and 2.25 /xB) for UTe. In addition find nonmonotonic 
variation of Tc for USe and UTe with pressure in excellent 
agreement with experiment. 

In conclusion, we want to emphasize that the collapse of 
magnetic ordering in US is a catastrophic consequence of the 
existence of two kinds of occupied uranium, states and of the 
change in this mixture by increasing the / delocalization 
with pressure or dilution alloying. This picture is equivalent 
to that provided by the competing nonmagnetic and magnetic 
correlated ultranarrow band picture of Refs. 7-9 and con- 
tains all the essential physics of correlated /-electron behav- 
ior, including all aspects of heavy fermion behavior. 
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Electrical resistivity and ac magnetic susceptibility studies of the 5/-metamagnet UCoAl reveal the 
presence of strong spin fluctuation effects for temperatures below 30 K and magnetic fields below 
the critical metamagnetic field /J,QHC^ 1 T, where a non-Fermi liquid term ~ T312 is prominent in the 
electrical resistivity. A step-wise increase of the residual resistivity and an increasingly prominent 
Fermi liquid T2 term of the resistivity is observed as the field is increased though the metamagnetic 
transition.   © 1998 American Institute of Physics. [S0021-8979(98)43411-X] 

INTRODUCTION 
UCoAl is a 5/-band metamagnet with a remarkably low 

critical magnetic field (yu0//c«l T). It crystallizes in the 
hexagonal ZrNiAl-type structure, which consists of alternat- 
ing U-Co and U-Al layers stacked along the c axis. These 
structural features and hybridization between the uranium 5/ 
and conduction electron states result in a strong uniaxial an- 
isotropy with the easy-magnetization axis along the (001) 
direction.1 A lack of anomalies in specific heat and 
resistivity1"3 suggests that UCoAl has a nonmagnetic ground 
state. The temperature dependence of the magnetic suscepti- 
bility for the applied field along the c axis exhibits a broad 
maximum near T= 17 K.2'4 A weak spontaneous magnetiza- 
tion of the order of 0.01 /AB/U is observed below T^ 15 K, 
especially for samples with a slight excess of Co.4 The ab- 
sence of magnetic order at low fields is corroborated by a 
/i+-SR experiment.5 The 5/ origin of the field-induced mag- 
netization (about 0.3 ßB/\J) was demonstrated in polarized 
neutron diffraction experiments.6'7 

Previously, only polycrystalline resistivity data were 
available for UCoAl,2'3,8 although the strong anisotropy of 
the transport properties of UTX compounds requires experi- 
ments on single crystals to deduce basic characteristics of the 
low temperature behavior. 

Because the crystal structure of UCoAl allows some off- 
stoichiometry and a Co excess apparently affects magnetic 
properties at low temperatures, we investigated two Co- 
deficient single crystals UCO]_^Al1+x of slightly different 
compositions (x = 0.05 and 0.10), which were prepared by a 
mineralization method.4 The transport and magnetic behavior 
of these two compositions are quite similar. 

Here we present the first results of electrical resistivity 
measurement with magnetic field up to 5 T and electrical 
current both applied along the c axis. 

RESULTS AND DISCUSSION 
Figure    1    shows   the   metamagnetic   transition   of 

UCo0 goAlj 10 and its shift towards higher fields with increas- 
ing T. The data for UCo095Ali 05 are similar, but exhibit a 
slightly lower critical field Hc. Corresponding susceptibility 
X (M/H vs T) data are displayed in Fig. 2. The data for 
fi0H = 0.5 T are representative of the low-field region. Note 
that for /J,QH=2 T, the x(T) dependence resembles that of a 
ferromagnet. A magnetic field /J,0H = 1 T is sufficient to in- 
duce the metamagnetic transition below r«*5 K. The in- 
crease of Hc with increasing T is the reason why the sample 
reverts to the low-field state for higher temperatures. 

General features of resistivity are similar for both com- 
positions, although the residual resistivity p0 is somewhat 
lower for UCQ^AIJ 05 (Figs. 3 and 4). p{T) gradually satu- 
rates at high T, which is characteristic of spin-fluctuation 
materials such as USn3 or UA12.9 

A prominent feature of the low temperature resistivity is 
a T3'2 term that is present up to 17 K. This behavior is dis- 
tinct from a Fermi-liquid T2 dependence, which is expected 
for electron quasiparticle scattering. The upper limit of the 
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FIG. 1. Field dependence of magnetization M for the single crystal 
UCo090Ali io with field HWc axis at various temperatures T. The data for 
T<4.2 K show a weak hysteresis. The arrows indicate the direction of the 
field sweep for T= 1.8 K. (After Ref. 4). 
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Tm law is dependent upon magnetic field, and coincides 
with the onset of a strong low-temperature upturn in the dc 
magnetic susceptibility (see Fig. 2 for fioH= 1 T). 

The T312 law is predicted10 for a system with strong spin 
fluctuations due to incipient magnetic order. The extent of 
the T312 region is gradually reduced as the applied field ap- 
proaches Hc, and a knee develops near 10 K for /n0H 
«IT. This knee broadens and slowly moves to higher tem- 
peratures when the magnetic field is increased above 1 T, 
and roughly follows the temperature dependence of HC(T). 
The Fermi liquid aT2 dominates p(T) for high fields and 
lower temperatures up to about 10 K; but in the range 10-30 
K (above the knee) p(T) is still best described by a T3'2 

dependence. It is noteworthy that the evolution of p(T) with 
field is remarkably similar to comparable data11 for weak 
ferromagnets like Sc3In and ZrZn2. 

A Quantum Design (SQUID) magnetometer was used to 
measure the ac susceptibility at various ac frequencies 0=£/ 
«1 kHz and driving fields 0.01 ^/z0^3.9 Oe. Data for both 
the real [Af'(r)] and imaginary [x"(T)'] parts of the ac mag- 
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FIG. 3. Temperature dependence of electrical resistivity p (current / along 
the c axis) for UC0.95Alj.05 single crystal in zero magnetic field. The inset 
shows the low temperature detail as well as the fits to p~bTm and p 
— aT1, the latter yielding somewhat lower p0. 

netic susceptibility of UC095A1105 (UCoggAl, 10 is analo- 
gous) are shown in Fig. 6. x'(T) exhibits a broad maximum 
at r« 16 K in zero field, similar to the dc susceptibility. At 
magnetic fields just below Hc, a second, sharper peak ap- 
pears and grows near 7 K, and is most pronounced at fi0H 
«0.7 T for UC^Al, 05, and at ß0H~ 1 T for UC0.90A1U0. 
This feature is undoubtedly connected with the rapid varia- 
tion of the dc susceptibility in this temperature range; it is 
clear that both a broad anomaly (10-20 K) and a sharp up- 
turn (7 K) are visible in the dc susceptibility for /J,0H 

= 1 T, as seen in Fig. 2. Further increase of field leads to a 
broadening, and an apparent shift of the second peak to 
higher temperatures make a separation of the two anomalies 

FIG. 5. Field dependence of resistivity p for UC0i95AlL05 at various tem- 
peratures. The lines are guides to the eye. 
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difficult. x"(T) exhibits a narrow peak coinciding with the 
more prominent maxima in x'(T), possibly reflecting the 
skin effect (i.e., permeability) variations, and dissipation ac- 
companying the hysteresis at lowest temperatures (shown in 
Fig. 1). The peak in x"(T) abruptly terminates at T^l K, 
which may be interpreted as an upper limit of a first-order 
phase transition. 

The character of the ac susceptibility data provides evi- 
dence against the existence of a spin-glass or cluster-glass 
ground state induced by crystallographic disorder, in which 
case one typically observes a low-field cusp in Xac(T) that 
broadens with moderate applied dc field. 

The shift of the maximum in x'(T) with increasing T is 
similar to the behavior of band metamagnets (such as 
YCo2),12 but is in clear contrast with the metamagnetic fields 
of typical antiferromagnets. The latter typically decrease 
with increasing T, reflecting a higher entropy in the meta- 
magnetic state. Thermodynamic considerations, based on the 
Clausius-Clapeyron equation, show that the metamagnetic 
transition in UCoAl reduces the entropy of the system. 

The occurrence of the 3/2 resistivity exponent strongly 
suggests that the behavior of UCoAl at low temperatures is 
dominated by critical spin fluctuations attendant with incipi- 
ent magnetic order. The magnitude of the resistivity coeffi- 
cient b increases with applied field up to Hc. The suppres- 
sion of critical fluctuations in the metamagnetic state 
removes the non-Fermi liquid temperature dependence in fa- 
vor of the Fermi liquid aT2 term, with an a value that de- 
creases gradually with field. 

As seen in Fig. 5, the residual resistivity p0 jumps at the 
metamagnetic transition from 35 to 38 /ÄI cm for 
UC0 95A1, 05 and can be associated with a decrease of density 

of states at the Fermi level N(EF) due to a Fermi surface 
reconstruction accompanying the formation of the 5/ mo- 
ment. This change is actually smaller than expected, because 
the spin-orbit interaction should result in a very strong cou- 
pling of the U magnetic moments to the electronic 
structure.13 

A decrease of the total density of states at the Fermi 
level N(EF) is consistent with the observed reduction of the 
Sommerfeld specific heat coefficient y in the metamagnetic 
state (from 75 to 55 mJ/mol K2),14 and can also reflect the 
suppression of spin fluctuations. However, using the 
Kadowaki-Woods15 relation between the resistivity coeffi- 
cient a and y2, we would expect a value of the a coefficient 
even lower than our observed a «* 0.03 /J£1 cm K~2 in the 
high field state. This discrepancy could simply result from 
anisotropy of the T2 term, which is under investigation. 

CONCLUSIONS 

The low temperature behavior of UCoAl is strongly in- 
fluenced by critical spin fluctuations due to incipient mag- 
netic ordering, as reflected by a T3'2 dependence over ap- 
proximately 1 decade of the low-temperature resistivity 
below the critical metamagnetic field. The spin fluctuations 
are suppressed when the material enters the high field regime 
above the metamagnetic transition, where a Fermi liquid T2 

behavior of the resistivity is recovered. The residual resistiv- 
ity for current along the c axis exhibits a step-wise increase 
at the metamagnetic transition ascribed to a Fermi surface 
reconstruction. 
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Orthorhombic URhSi orders ferromagnetically below Tc= 9.5 K, with an ordered magnetic moment 
[i = 0.llyuB per U atom and has a relatively enhanced value of the specific heat cpIT 
= 186 mJ/mol K2. U-U atomic distances fall in a critical region around the Hill limit so that it is 
thought to be an itinerant magnet. Our present investigation includes: (i) preparation of high purity 
crystalline samples further analyzed by single crystal x-ray diffraction and magnetization 
measurements; (ii) band structure calculations performed with self-consistent full potential 
linearized Augmented plane wave method within the local density approximation; (iii) optical 
measurements at room and at low temperature over a large spectral range (2 meV-6 eV). As a 
result, the details of the crystal structure of URhSi have been refined with respect to previous 
measurements on powdered samples. The comparison of electronic structure calculations and 
optical results show: (a) a low mobility of free carriers and a large dielectric screening at the lowest 
frequencies, connected with excitation of/ states hybridized with d states at the Fermi level; (b) 
smooth spectral features due to the huge number and density of states (the main contribution being 
due to occupied Rh d states). The whole amount of information obtained would suggest the presence 
of Kondo-like behavior in this compound, independently on the magnetic order. © 1998 American 
Institute of Physics. [S0021-8979(98)43511-4] 

1-3 

I. INTRODUCTION 

Intermetallic ternary uranium alloys have been studied 
during the latest years due to their interesting interplay be- 
tween magnetic and electronic structure. Both localized and 
itinerant magnetism have been observed in this class of com 
pounds, often coexisting with heavy fermion properties 
One of the most investigated material was URu2Si2 that is an 
itinerant antiferromagnet with heavy fermion properties.1'4'5 

URhSi is a compound with orthorhombic structure appar- 
ently not too different from URu2Si2. On the other hand, 
URh2Si2 is a normal magnet with transition temperature and 
magnetic moment expected from a Curie Weiss behavior.6 

The first characterization of the physical properties of URhSi 
has been performed by Prokes et al? Neutron diffraction ex- 
periment, electrical resistivity, magnetic susceptibility, and 
specific heat measurements evidenced a ferromagnetic tran- 
sition at 9.5 K with a reduced magnetic moment of 0.11 /xB 

and itinerant character. 
Stimulated by the possible interplay of crystallographic 

structure and electronic bonding (there are two different U-U 
distances in the structure) we undertaken a thorough investi- 
gation of this compound. The results of crystallographic, 
magnetic, optical, and theoretical investigations are detailed 
below. 

II. EXPERIMENT 

Samples of about 2 grams each were prepared by direct 
synthesis of the elements (U depleted 99.8 wt % purity, Rh 

99.9 wt %purity, and Si 99.999 wt % purity. The Rh metal 
was outgassed under dynamic vacuum for 5 h. at 800 °C.) 
pressed together in form of pellets and than melted in a semi- 
levitation high-frequency induction furnace on a water- 
cooled tantalum heart under an atmosphere of pure and dry 
argon. The samples were inverted and remelted three times 
to ensure complete homogenization and then slowly cooled 
to room temperature. 

A metallographic examination showed that the samples 
were single phase, well crystallized, and compact with little 
grain separation (1% at most). The phase of URhSi was ex- 
amined by single crystal and powder methods. Intensity data 
of a single crystal with dimensions 20X50X70 yiim3 were 
collected with a CAD-4 diffractometer using graphite mono- 
chromated Mo Ka radiation in the 9 range 2-30°. A total of 
1309 reflections measured in the u>-6 scan mode gave 352 
independent reflections with /?int(fg) = 0.158. Both spherical 
and semiempirical absorption corrections based on the azi- 
muthal scan data of a top reflection were applied, with a 
linear absorption coefficient of 83.7 mm"1 and a ratio be- 
tween maximum and minimum transmission factors of 3.5. 
Lattice constants were obtained from a diffractometer pow- 
der pattern, using Cu Ka radiation and Si as an internal 
standard. 

Refinement of 19 parameters was made with 
SHELXL-93,8 applying anisotropic displacement parameters 
and weights u> = V[a(F2

0) + (0.]293P)2], where P = (F2
0 

+ 2Fc)/3. The final agreement factors were wR(F2) 
= 0.169 for all data and « = 0.064 for 245 reflections with 
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TABLE I. Interatomic distances in URhSi as obtained by x-ray diffraction. 
Standard deviations are indicated in brackets. 

U-Rh (Ä) U-Si (Ä) U-U (A) 

2.9421(2) 2.944(8) 3.424(2) 
3.048(3) 2.95(1) 3.629(2) 
3.118(3) 2.955(7) 
3.299(2) 

F0>4cr(F0). Interatomic distances for U atoms calculated 
by the program SEXIE9 are listed in Table I. 

The phase, orthorhombic, space group Pnma, a 
= 6.990(1) Ä, £ = 4.114(1) Ä, c = 7.427(1) A, resulted to 
be isotypic with TiNiSi. From magnetization measurements, 
performed at 4.2 K in a Faraday balance in magnetic fields 
up to 1 Tesla on randomly oriented crystals, a saturation 
value (at 1 Tesla) of 0.56 /iB/f.u. was obtained, in agree- 
ment with the results of Prokes et al.1 

The electronic properties for the paramagnetic phase of 
URhSi have been determined using the self-consistent full 
potential linearized augmented plane wave (FLAPW) 
method within local density approximation (LDA). The cal- 
culated total and partial density of states (DOS) are shown in 
Fig. 1. U-/ states result to be placed just above the Fermi 
energy (EF) mixed with U-d, Si-p and, particularly, with 
Rh-d states. Due to the well known failure of LDA in cor- 
rectly reproducing exchange-correlation effects in strongly 
localized states as the / states, the real energy position of 
these states can be quite different. However, it should be 
pointed out that the major contribution to the DOS of the 
occupied states (from EF down to about — 6 eV, which is the 
energy region of interest) comes from the Rh d states (see 
Fig. 1), which are very well reproduced by LDA. Si-s and 
\J-p states lie practically unhybridized well below EF 

(-8 eV and - 19 eV, respectively). 
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FIG. 1. Electronic density of states (DOS) as calculated by FLAPW+LDA 
in URhSi. (Top: total DOS; middle: partial U-/ DOS; bottom: partial Rh-d 
DOS). 
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FIG. 2. Optical reflectivity of URhSi measured at room temperature (dashed 
line) and at 6 K (full line). 

Near normal optical reflectance measurements were per- 
formed on a polycrystalline disk of material with a diameter 
of about 7 mm and 2 mm thick. The sample surface was 
optically polished with diamond powder of decreasing size 
down to 0.25 /im. The shining surface so obtained is crossed 
by some fracture lines which, anyway, affect only a small 
fraction of the measured area, ellipsometric measurements 
(ellipsometry is almost unaffected by roughness, but it is 
very sensitive to oxidation) performed at several different 
angles of incidence in the spectral region between near in- 
frared and ultraviolet (1.4-5 eV) confirmed that the residual 
roughness only slightly affects the optical results at energies 
above 3 eV. A thin oxide layer due to air exposure of the 
sample is probably present, but it practically does not affect 
the near normal reflectance, particularly in the infrared. 

The measurements were performed over a very broad 
spectral range from 2 meV up to 6.5 eV, using a Fourier 
transform infrared spectrometer, equipped with a Si bolom- 
eter, and a high precision grating spectrometer in the UV- 
visible spectral region. In the medium- and far- infrared the 
sample was also put on the cold finger of a helium flow 
cryostat and measured at several different temperatures be- 
tween 6 K and room temperature. 

The spectra so obtained exhibit an almost structurless, 
monotonically decreasing reflectivity from far infrared to ul- 
traviolet (Fig. 2). A smooth change of curvature occurs in the 
medium infrared whereas a small structure emerges around 
20 meV by lowering the temperature. 

Kramers-Kronig transformation was applied to the re- 
flectivity data in order to obtain the dielectric function and 
the optical conductivity. A small correction of the reflectivity 
data above 3 eV and a common extrapolation of the data as 
o)~s above 6.5 eV were introduced (s was chosen in such a 
way as to ensure the consistence with the ellipsometric re- 
sults). At energies below 2 meV an extrapolation was ob- 
tained by the Hagens-Rubens relation R=l — ^la/ira^, 
where crdc is the static conductivity of the material, and as- 
suming a Drude like behavior of the free carrier. 
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FIG. 3. Optical conductivity of URhSi obtained by Kramers-Kronig analy- 
sis at room temperature (dashed line) and at 6 K (full line). 

III. DISCUSSION 

The structure determination of URhSi by single crystal 
methods confirms its isotypism with the ordered TiNiSi type, 
as already reported by Prokes et al.1 by neutron diffraction 
measurements. However, the lattice constants found in the 
present work are all smaller than those determined by neu- 
tron diffraction at 80 K. A slightly higher fraction of U and a 
slightly lower fraction of Rh in the sample were hypoth- 
esized by Prokes et al. for both improving the fit of the neu- 
tron diffraction spectrum and matching the electron micro- 
probe analysis; that could be partially responsible for the 
higher values of the lattice constants. Examining the inter- 
atomic distances in URhSi we see that the U-U, U-Rh, and 
U-Si distances are always larger than the sum of the elemen- 
tal radii, but this is probably due to a scarce transferability of 
the uranium radius from elemental to alloyed states. 

Kramers-Krönig analysis yield to an optical conductiv- 
ity showing a smooth maximum at about 0.2 eV followed by 
a shoulder around 1 eV and an almost linear decrease for 
increasing energies (Fig. 3). 

The smoothness of the optical structures is usually re- 
lated to disorder effects, but in our case it is actually consis- 
tent with the calculated band structure, being related to the 
almost constant and large DOS below the Fermi level pro- 
duced by the d states. The huge number of levels involved in 
the electronic structure is therefore responsible for the struc- 
tureless and continuous behavior of the optical conductivity. 
As a matter of fact, very peculiar features appear at the low- 
est frequencies, reminiscent of heavy fermion behavior: Be- 
low 0.2 eV the optical conductivity decreases for decreasing 

frequencies down to a smooth minimum around 10 meV; 
below this energy Drude like behavior is present. Due to the 
lack of exact information of the static conductivity, and than 
the difficulty in calibrating the low energy extrapolation for 
Kramers-Kronig transformations, it has not been possible to 
assign a defined value for the plasma frequency cop. Any- 
way, optical values impose some constrains to the possible 
o)p value which could be in the order of a few tenths of eV, 
even at room temperature. At low temperature the features 
are even more clear: a well defined structure emerges at 20 
meV, the minimum at 10 meV is further depressed and 
heavy fermion Drude behavior with a low plasma frequency 
is necessarily growing up at the lowest frequencies. A pru- 
dent estimate gives a value of a>p^0.2 eV. The comparison 
of such a value with the available data of specific heat7 yields 
to an effective mass of about 60me, in the range of values 
observed in similar compounds.2'5 

It is interesting to notice that such a behavior is unaf- 
fected by the onset of magnetic order at 9.5 K, being ob- 
served both above and below such a temperature. Moreover, 
the low temperature features begin to emerge in the reflec- 
tivity spectra already at 120 K. On the other hand, since the 
ferromagnetic transition does not open any gap at the Fermi 
surface, no changes can be expected in the optical 
response.3'5 A similar behavior has been observed in 
URu2_xReA.Si2, where, for increasing amount of Re content, 
the material pass from itinerant anti ferromagnetism to itin- 
erant ferromagnetism.1'5 

In conclusion crystallographic parameters of URhSi 
have been exactly determined and heavy fermion behavior 
has been identified which is not affected by the magnetic 
transition. 
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The weighted minimum-norm estimation (wMNE) is a popular method to obtain the source 
distribution in the human brain from magneto- and electro- encephalograpic measurements when 
detailed information about the generator profile is not available. We propose a method to reconstruct 
current distributions in the human brain based on the wMNE technique with the weighting factors 
defined by a simplified multiple signal classification (MUSIC) prescanning. In this method, in 
addition to the conventional depth normalization technique, weighting factors of the wMNE were 
determined by the cost values previously calculated by a simplified MUSIC scanning which 
contains the temporal information of the measured data. We performed computer simulations of this 
method and compared it with the conventional wMNE method. The results show that the proposed 
method is effective for the reconstruction of the current distributions from noisy data. © 1998 
American Institute of Physics. [S0021-8979(98)38511-4] 

I. INTRODUCTION 

Sophisticated techniques to provide functional imaging 
of information processing in the human brain are needed for 
clinical applications and for tools of investigation of higher 
brain functions. Many methods have been developed to re- 
construct the internal electrical current distributions in the 
human brain from magneto- and electro-encephalographic 
(MEG/EEG) measurements.1 Among those, the minimum- 
norm estimation (MNE)2'3 is a popular technique to obtain 
the internal primary current distributions if the detailed in- 
formation about the generator profile was not available. Be- 
cause the sensitivity of the sensors decreases as the distance 
from the source increases, the MNE tends to introduce a bias 
towards superficial sources.4 To avoid this problem, the 
weighted MNE (wMNE) method, which minimizes the 
weighted norm of the solution (depth normalization), has 
been widely applied.4'5 However, because the conventional 
wMNE method deals with only the instantaneous distribution 
of MEG/EEG data, reconstructed currents could be seriously 
distorted when the method is applied to noisy data. To re- 
duce the distortion of the reconstructed current distribution, a 
method to include temporal information of the MEG/EEG 
data into the wMNE method using simplified multiple signal 
classification (MUSIC)6 prescanning is proposed in this ar- 
ticle. 

II. METHODS 

A. Weighted minimum norm estimation 

Here, we define the primary current distribution at time 
instant ?,■ as p(f,-) = [Pi(*i)»P2(*i)."-.P;v(*i)jr and the mea- 
sured field distribution as f{ti) = \tl{ti),i1(ti),...,fM{ti)Y, 
where N is the number of possible current source locations 
and M is the number of sensors. The relationship between f 
and p is described as 

f=Lp+n, (1) 

"'Electronic mail: iwaki@medes.rn.u-tokyo.ac.jp 
bElectronic mail: ueno@medes.rn.u-tokyo.ac.jp 

where L is a gain matrix called the lead field matrix and n is 
the additive measurement noise. The conventional wMNE 
method can be written as follows.7 

p=L"f, (2) 

where L is given by 

L- = (LTL+yWcr
1LT, (3) 

which minimizes the cost Ec = Ilf-fcll2+ y2IIWcpll2, (fc: cal- 
culated value of field distribution).7 The diagonal matrix Wc 

contains the weighting factors for depth normalization, and y 
is a regularization parameter, which controls the degree of 
regularization, determined in accordance with the signal-to- 
noise ratio (SNR). In this article, we use the simplest weight- 
ing factors for depth normalization (Wc = diag{IIL;ll2}). 

B. Weighted minimum norm estimation with MUSIC 
prescanning 

Because the conventional wMNE method deals with 
only instantaneous distributions of MEG/EEG data, results 
of current reconstruction could be seriously distorted when 
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FIG. 1. Assumed source locations for the computer simulations. Two dipo- 
lar current sources were located at ( — 0.2/?, — 0.2R,0.7R) and 
(0.2R,0.2R,0JR). 

applied to noisy (low SNR) data. To reduce the distortion of 
the reconstructed current distributions, we propose a method 
to include temporal information in the wMNE using simpli- 
fied MUSIC prescanning. 

First, to separate signal and noise subspaces of 
MX I spatio-temporal measured data matrix F 
= [f(tl),f(t2),.--,t(ti)] using an eigen-decomposition of the 
auto-correlation matrix of F. Here, we denote AS,A„ as a 
diagonal matrix containing signal and noise eigenvalues, and 
®s,<bn as signal and noise eigenvectors, respectively. Then, 
for each scanning grid j located in the head model, we cal- 
culate the cost values Cj, 

c;.= l/Xmin{U[^„«I»„rUL;.}, (4) 

where X.min{*} denotes the minimum eigenvalue of {•}, and 
\]Lj denotes the principal left eigenvector of Lj. Then cj 
becomes 0 at the correct source location when the source is 
modeled as a single current dipole,8 and c; approximates the 
relative values of time-averaged current intensity if the 
source can be modeled as a few current dipoles. 

We use the cost values cy to determine the weighting 
factors of wMNE as follows. 

W=Wc + Wm = diag{HL,ll2}+a diag{/-?y}, (5) 

L- = {LTL+yWylLT, (6) 

where Cj is a normalized value of Cj and a is a alteration 
parameter of weighting factors. This method minimizes the 
cost E„= Ilf-fj2+ y2ll(Wc + W,„)pll2 that causes the recon- 
structed current distribution to be biased towards the regions 
with the largest c; values calculated by the simplified 
MUSIC prescanning. When a=Q, the proposed method be- 
comes identical to the conventional wMNE method. 
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FIG. 3. Results of current reconstruction using the conventional wMNE 
method. Axial views of the reconstructed current distributions in the x-y 
plane are displayed with (a) z = 0.5Ä, (b) z = 0.6R, (c) z = 0JR, and (d) z 
= 0.&R. The SNR of the simulated data was 4 dB, and the regularization 
parameter y was set to 0.4. 

This method utilizes not only the instantaneous spatial 
distribution but also the temporal properties of the measured 
data. It is possible to reconstruct current distribution properly 
even if the SNR of the measured data were so low that the 
conventional wMNE method might fail to reconstruct. 

III. RESULTS AND DISCUSSION 

We performed computer simulations of the proposed 
method and compared the results with the results from the 
conventional wMNE method. 
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FIG. 2. Example of the spatial distribution of the MEG. The SNR of the 
simulated data was set to 4 dB. 

(b)z=0.6rt        (d)z=0.8rt 

FIG. 4. Results of current reconstruction using the proposed method. Axial 
views of the reconstructed current distributions in the x-y plane are dis- 
played with (a) z = 0.5R, (b) z = 0.6R, (c) z = 0.7/?, and (d) z = 0.8«. The 
SNR and y were the same as for Fig. 3, and the alteration parameter a was 
set to 0.06. 
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Figure 1 shows an assumed source configuration for 
these simulations. Two current dipoles were located in the 
x-y plane [(a) (x,y,z) = (-0.2R,-0.2R,0.7R), (b) (x,y,z) 
= (0.2R,0.2R,0JR), R: radius of the head model]. The y 
component of the assumed source (a) and the x component 
of the source (b) were assumed to alter synchronously. Mag- 
netic fields generated by these sources were assumed to be 
measured at 80 points on the upper hemisphere of the head 
model, and white noise was added. The SNR of the simu- 
lated data was approximately 4 dB, which was relatively low 
when compared with actual MEG measurements of large 
evoked responses with an adequate number of signals aver- 
aged. However, the SNR was not low when compared with 
that of spontaneous brain activities without averaging or 
evoked responses with a limited number of data sets. An 
example of the instantaneous spatial distribution of simulated 
data is shown in Fig. 2. 

The results of the current reconstruction using the con- 
ventional wMNE method and the proposed method are 
shown in Fig. 3 and Fig. 4, respectively. In each figure, axial 
views of reconstructed current distributions in the x-y plane 
are displayed with (a) z = 0.5R, (b) z = 0.6R, (c) z = 0.7R, 
and (d) z = 0.8R. In these simulations, the regularization pa- 
rameter y and alteration parameter a were set to 7=0.4, 
a=0.06 empirically. The reconstructed current distribution 
was severely distorted in the conventional wMNE method 
under noisy measurement condition as SNR equals to 4 dB. 
In the proposed method, current distributions corresponding 
to two assumed sources were clearly reconstructed. These 
results indicated the effectiveness of the proposed method 
for the reconstruction of internal current distributions under 
the noisy measurement condition. In these cases, the increase 
of the amount of calculation in the proposed method was less 
than 10% of that required in the conventional wMNE 
method. 

Further consideration must be given to develop algo- 
rithms to obtain optimum values of the regularization and 
alteration parameters. 

IV. CONCLUSION 

We proposed a method to reconstruct current distribu- 
tions in the human brain based on the weighted minimum- 
norm estimation technique with the weighting factors defined 
by simplified MUSIC prescanning. With this method, in ad- 
dition to the conventional depth normalization technique, 
weighting factors of the wMNE were determined by the cost 
values previously calculated by simplified MUSIC scanning 
which contains the temporal information of the measured 
data. We performed computer simulations of this method and 
compared it with the conventional wMNE method. The re- 
sults show that the proposed method is effective for the re- 
construction of the current distributions from noisy data. 
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A comparative study of the magnetic separation characteristics 
of magnetotactic and sulphate reducing bacteria 

A. S. Bahaj,a) P. A. B. James, and F. D. Moeschler 
University of Southampton, Southampton, Hampshire, SOI 7 1BJ, United Kingdom 

Many microorganisms have an affinity to accumulate metal ions onto their surfaces which results in 
metal loading of the biomass. Microbial biomineralization of iron results in a biomass which is often 
highly magnetic and can be separated from water systems by the application of a magnetic field. 
This article reports on the magnetic separation of biomass containing microbial iron oxide (Fe304, 
present within magnetotactic bacteria) and iron sulphide (Fe! _XS, precipitated extracellularly by 
sulphate reducing bacteria) in a single wire cell. Since such bacteria can be separated magnetically, 
their affinity to heavy metal or organic material accumulation render them useful for the removal of 
pollutants from waste water. The relative merits of each bacterium to magnetic separation 
techniques in terms of applied magnetic field and processing conditions are discussed. © 1998 
American Institute of Physics. [S0021-8979(98)38611-9] 

I. INTRODUCTION 

Magnetotactic bacteria (MTB)1 which biomineralize 
magnetite (Fe304) and sulphate reducing bacteria (SRB) 
present within sediments, contrast in their utilization of iron 
which is based on the oxide and sulphide forms, respectively. 
A magnetotactic spirillum and a sulphate reducing vibroid 
have been isolated from brackish sediments near Southamp- 
ton, UK and grown in pure culture. The MTB possess a 
magnetic moment along their line of length due to a chain of 
membrane enveloped magnetite crystals called magneto- 
somes. Transmission electron microscopy utilizing electron 
dispersive x-ray analysis confirmed that the magnetosomes 
within Southampton MTB were iron oxide based. This mag- 
netite chain acts as a dipole, enabling magnetic orientation of 
the bacteria with the earth's magnetic field (magnetotaxis). 
This results in flagellar driven motion downwards towards 
the oxic-anoxic transition near the sediment-water interface 
of their salt marsh pan environment. 

Unlike magnetotactic bacteria, sulphate reducing bacte- 
ria do not, in general, exhibit magnetotaxis. Ferrous (Fe2+) 
and ferric (Fe3+) sulphate ions are taken up by SRB in a 
process known as ' 'dissimilatory sulphate reduction'' where 
the sulphate ions act as an oxidizing agent for the dissimila- 
tion of organic matter, as oxygen does in conventional 
respiration.2 A small amount of the reduced sulphur is as- 
similated by the organism, and the iron ions are then precipi- 
tated onto the bacterium surface. In a magnetic field, this 
coating gives rise to a randomly orientated magnetic dipole, 
as opposed to the specific direction of the permanent dipole 
found in MTB. 

Recently, a sulphate reducing bacterium has been dis- 
covered which is magnetotactic, containing intracellular 
magnetosomes of magnetite and extracellular iron sulphide 
precipitation.3 Moreover, magnetotactic bacteria which form 
magnetosomes of iron sulphide, such as greigite (Fe3S4) and 
pyrite (FeS2) have been found.4 It must be remembered 

"'Electronic mail: bahaj@soton.ac.uk 

therefore, that the relationship between iron sulphide/oxide 
and sulphate reducing/magnetotactic bacteria is not as clear 
cut as considered here. 

Many microorganisms have an affinity to accumulate 
metal ions into their surfaces which results in metal-loading 
of the biomass. Hence water systems can be purged of metal 
pollutants when the biomass is removed. This article reports 
on the separation approach for removing the loaded biomass 
from a metal polluted system. In the case of magnetotactic 
bacteria there are two conditions for separation: Case (a) 
represents the removal of motile MTB and the utilization of 
their magnetotaxis property. In this case orientational mag- 
netic separation can be applied where direction of motion is 
imposed externally whilst the motion is due to the flagella 
effect of the bacteria. Case (b) applies to the removal of non 
motile MTB as well as the sulphate reducing bacteria using 
high gradient magnetic separation (HGMS). The article also 
discusses the various conditions under which each type of 
bacteria can be utilized for enhanced magnetic separation 
processes. 

II. EXPERIMENT 

The experimental setup for single wire cell studies con- 
sists of a dedicated analysis workstation coupled to an opti- 
cal microscope. On the microscope stage is mounted a small 
iron yoke to which pairs of boron-iron-niodynium magnets 
are attached. Between the magnets is placed a glass cuvette 
containing an 8.3 /mm nickel wire. The wire is aligned per- 
pendicular to the magnetic field, producing magnetic gradi- 
ents up to 1010 TnT1, enabling capture of magnetic material 
from the surrounding medium. A sample of MTB or SRB is 
added to the cuvette and a recording of the resulting motion 
is made onto a VCR for subsequent analysis. A specialized 
hardware/software package enables sampling of the VCR re- 
cording to generate a sequence of frames marking the posi- 
tion and time of a cell as it is captured onto the wire.5 

Magnetotactic bacteria were grown in 100 ml batch cul- 
tures incubated at 30 °C for ten days using standard mag- 
netospirillum growth medium.6 Single wire cell measure- 
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ments were made on individual motile and nonmotile 
bacteria. To render MTB nonmotile specific metal ions were 
added to a culture 15 min prior to addition to the single wire 
cell. 

Sulphate reducing bacteria were grown at room tempera- 
ture in a 2 / chemostat, operated at a dilution rate of 0.028 
through which nitrogen was bubbled to maintain anaerobic 
conditions and provide mixing. The medium used was a de- 
velopment of a Freke and Täte preparation for the culture of 
sulphate reducing bacteria from soil.7 Single wire cell mea- 
surement of the motion of disordered "clumps" of iron sul- 
phide rich biomass, ranging in size from 1.6 to 12 /mm 
across, were made. 

To observe particle motion, small volumes of biomass 
were pipetted into a cuvette which was half filled with dis- 
tilled water. Single wire cell measurement of the motion of 
disordered clumps of iron sulphide rich biomass, ranging in 
size from 1.6 to 12 /mm across, were made. 

To observe cell motion, small volumes of biomass were 
pipetted into a cuvette which was half filled with distilled 
water. Measurements were made in effectively no flow con- 
ditions (quasistatic). Single wire cell experiments were car- 
ried out at three different magnetic field strengths (0.110 T, 
0.284 T, and 0.688 T). In each case the motion of 50 MTB 
was analyzed to produce an average capture profile of a bac- 
terium onto the wire. 

The experimental conditions used allowed for cells up to 
an initial distance of 9 wire diameters (70 /mm from the wire) 
to be imaged. The width of the imaging area being deter- 
mined by the magnification of the camera/microscope sys- 
tem. The capture limit of several iron sulphide rich SRB was 
found to be in excess of 70 /urn at 0.110 T. The magnifica- 
tion of the microscope was therefore halved, and single wire 
cell capture repeated at both 0.110 T and 0.284 T enabling 
capture profiles at much greater distances to be studied (18 
wire diameters, 150 /mm). At both field strengths the capture 
below 70 /mm produces average paths which are independent 
of the microscope magnification used. The average capture 
paths shown for the SRB are therefore, the result of two sets 
of 50 profiles at different magnifications. Measurements on 
iron sulphide rich biomass were made at the two lower fields. 
At 0.688 T the high speed of cell-field interaction made ac- 
curate measurement ineffective. 

III. RESULTS AND DISCUSSION 

A typical magnetotactic bacterium studied here was 
found to have the following characteristics: length=2.9 /mm, 
width=0.6 /mm, determined using transmission electron mi- 
croscope techniques—number of magnetosomes=15, 
diameter=30 nm. 

The results depicted in Fig. 1 illustrate a comparison of 
high gradient magnetic separation, in a single wire cell, of 
motile magnetotactic bacteria and iron sulphide rich SRB 
biomass. The curves show the paths of the cells as they ap- 
proach the wire in the cell and represent the average of 50 
trajectories for MTB and 100 trajectories in the case of SRB. 

The capture of motile MTB was found to be effectively 
independent of the applied magnetic field at distances greater 

Time until capture (s) 

FIG. 1. Comparison of high gradient magnetic separation, in a single wire 
cell. Motile magnetotactic bacteria average trajectory; (a) 0.284 T and iron 
sulphide rich SRB biomass trajectories, (b) 0.284 T and (c) 0.110 T are 
shown. 

than several wire diameters from the center of the wire. 
Away from the close proximity of the wire the flagellar force 
dominates over the magnetic field force producing an effec- 
tively linear capture profile. For the current experimental 
setup, it can be seen from the results that a cross-over point 
occurs in which the capture of iron sulphide rich SRB is 
more effective than MTB. For example, at 0.284 T, for cells 
initially, less than 7.2 wire diameters (60 /mm from the wire) 
SRB material will be captured more rapidly. Furthermore, 
the point at which this cross-over occurs increases in dis- 
tance from the wire as the applied magnetic field is in- 
creased. 

Figure 2 shows the average capture profiles of 50 non- 
motile MTB and iron sulphide rich SRB at a various applied 
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FIG. 2. High gradient magnetic separation of iron sulphide rich SRB 
biomass; (a) 0.284 T, (b) 0.110 T and nonmotile magnetotactic bacteria, (c) 
0.688 T, (d) 0.284 T, (e) 0.110 T. Graph depicts the average trajectories of 
50 MTB and 100 SRB. 
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magnetic fields. Previously the magnetic moment of MTB 
was estimated from analysis of the trajectories of nonmotile 
bacteria using single wire theory.9 The analysis is repeated 
for this work and gives an average bacterium magnetic mo- 
ment of 1.1 X 10"15 Am2, similar to that obtained previously. 
Determination of the magnetic moment of the disordered 
structure of the SRB material is rather complex and is not 
undertaken under this study. However, for this case, the re- 
sults give a clear indiction of the separation profiles that are 
likely to occur. It can be seen that at 0.284 T for example, 
the capture range of nonmotile MTB (less than four wire 
diameters) is less than the SRB material at 0.110 T (more 
than nine wire diameters). MTB are first orientated by the 
field, to give an "end-on" alignment trajectory of capture 
onto the wire. Despite the drag minimization that results 
from this alignment, the randomly orientated SRB material is 
captured at higher speed or more efficiently, indicating its 
significantly higher magnetic moment. 

Motile magnetotactic bacteria, which are magnetically 
orientated by the applied field to swim in a required direc- 
tion, can offer a pragmatic processing alternative. Motile 
MTB recovery is a relatively slow process. A typical bacte- 
rium swims at approximately 40 /zms-1, the separation time 
of bacteria from a wire mesh matrix is dependant only on the 
distance to the nearest suitably magnetized site. Therefore, 
for an efficient separation, it is necessary to process such 
MTB in a system where the site proximity is close to the 
bacterium which would minimize time of travel and hence 
the residence time. 

Another approach is to separate motile MTB using mag- 
netic poles positioned around a separation chamber. MTB 
accumulate at the north and south magnetic foci on the sepa- 
ration chamber walls for subsequent recovery from the sys- 
tem. This process when applied to metal/organic recovery 
will require static treatment chambers or slow moving waste 
streams of bacteria leading to long processing times. This 
contrasts with HGMS recovery of SRB material which, with 
suitable matrix, flow and field conditions rapid separation 

can be achieved. The only penalty with HGMS being the 
moderately high magnetic field that is required (1-2 T for 
most conditions). 

IV. CONCLUSIONS 

This study depicts aspects of magnetic separation tech- 
niques applied to two distinct microbial systems. The single 
wire cell work illustrates that the magnetic iron sulphide 
coating present on SRB enables efficient separation using 
HGMS. The magnetic interaction of nonmotile MTB is weak 
in comparison to SRB. Despite the minimized drag effect of 
magnetically aligned, end-on capture, high gradient capture 
of nonmotile MTB was shown to be less effective when 
compared with SRB recovery regardless of the conditions 
used. 

In contrast, orientation magnetic separation of MTB pro- 
vides a simpler approach which can potentially be integrated 
into the process circuit of numerous processes (e.g., nuclear 
power stations, tanning plants, steel works, etc.). In this way 
contamination can be removed prior to discharge producing 
a truly ' 'clean'' technology. The separation conditions for a 
process have been well defined but significant metal/organic 
loading and continued viability of the biomass under a suf- 
ficiently wide variety of conditions has yet to be achieved. 
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Magnetoelectrolysis of copper 
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The effect of a uniform static magnetic field on processes occurring at Cu/acidified CuS04 interfaces 
is examined by analysis of potentiodynamic polarization curves. The mass transport controlled 
deposition current is increased by as much as a factor of 2 in a 0.6 T field, independent of field 
direction and electrode orientation. The extent of current enhancement is greatest at low pH 
(< 1), where it is associated with diffusional rather than migrational transport of the copper ions. 
© 1998 American Institute of Physics. [S0021-8979(98)38711-3] 

I. INTRODUCTION 

The processes of electrochemical metal deposition and 
dissolution1 are of fundamental scientific and technological 
interest. They involve interfacial electron transfer which is 
strongly influenced by the magnitude of the electric field 
present at the electrode/solution interface. The rates of metal 
deposition/electrodissolution may be expressed in terms of 
current densities and kinetics quantified by analysis of steady 
state current/voltage curves, with recourse to phenomeno- 
logical electrode kinetic models. Heterogeneous electro- 
chemical processes involve, in general, two coupled sequen- 
tial processes: diffusional mass transport to the surface of the 
electrode and potential-induced interfacial electron transfer 
between an electron donor/acceptor species in the solution 
and the electrode surface. Either interfacial electron transfer 
(activation control) or reactant logistics (mass transfer con- 
trol) can be rate determining. For a sequential electrochemi- 
cal process involving the transfer of a single electron, the 
steady state current density is given by2 

FDc" 

J~- kE+kD 
(1) 

where F is the Faraday constant, kE is the heterogeneous 
electrochemical rate constant, kD is the diffusional rate con- 
stant, and c00 represents the concentration of electroactive 
reactant species in the bulk solution. If we utilize the Nernst 
diffusion layer approximation3 the diffusional rate constant 
kD is given by Did, where D is the diffusion coefficient of 
the reactant and <5 denotes the diffusion layer thickness. Also 
the heterogeneous electron transfer rate constant is given by 
the Butler-Volmer equation: 

kE = k°Eexp(±a6), (2) 

where kE denotes a potential independent rate constant and a 
is the transfer coefficient. Note that 6 is a normalized poten- 
tial and is related to the Galvanic potential drop A^ across 
the electrode/solution interface by 8=FA.if//RT, where R is 
the gas constant. 

Clearly when kE>DIS, the electron transfer kinetics are 
rapid and the electron transfer current will be controlled by 
the rate of mass transport to the electrode surface. Under 
such circumstances Eq. (1) reduces to 

}'- (3) 

In contrast when kE<DIS, the rate of reactant supply is 
rapid and the electron transfer kinetics are slow and the re- 
action is activation controlled. Here Eq. (1) reduces to 

j = Fk 0    oo exp 
aFAif/ 

RT (4) 

There are few well-documented examples of uniform 
static magnetic fields influencing the rates of chemical reac- 
tions, although there have been several previous reports of a 
field effect on the electrodeposition of copper.4'5 The effect 
of an applied magnetic field on a heterogeneous electro- 
chemical process at an electrode/solution interface is termed 
magnetoelectrolysis. The applied B field might effect the 
transport of reactants to the electrode surface,4 accelerate the 
electron transfer kinetics at the electrode/solution interface,6 

or indeed modify the transport rate of solvated ions in the 
bulk electrolytic solution.7 Here we focus on the effect of 
magnetic fields on reactant species located in regions close to 
the electrode surface, with specific reference to copper elec- 
trodes in contact with acidified copper sulfate solutions.5'8 

II. EXPERIMENTAL METHODS 

All experiments were performed in a standard one com- 
partment three electrode cell containing an Ag/AgCl (satd. 
KC1) reference electrode, a large surface area graphite 
counter electrode and a copper working electrode. The cop- 
per electrode was constructed by spot welding a copper wire 
to a copper plate (thickness 1 mm) of geometric surface area 
85 mm2. The wire was encased in a glass tube and the sides 
and rear surface of the copper plate electrode were sealed 
with epoxy. The electrode was polished before each experi- 
ment using fine grain sandpaper and then washed with 2 M 
sulfuric acid followed by thorough rinsing with triply dis- 
tilled water. The electrochemical experiments were con- 
trolled using an EG&G Model 273 potentiostat. Potentiody- 
namic current/voltage curves were recorded using an XF 
plotter. A Magnetic Solutions Model HC600-54 Halbach 
cylinder with a 54 mm bore was used to apply a static mag- 
netic field of magnitude 0.6 T to the electrochemical cell 
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FIG. 1. Tafel plot for copper sulfate in acidified aqueous solution at pH 
= 0.8 with (a) no external applied magnetic field, (b) an external applied 
field of 0.6 T. 

which was placed centrally within the cylinder. In all experi- 
ments the electrolyte was an aqueous solution of 0.75 M 
copper (II) sulfate. The pH of the copper sulfate medium 
was varied by the addition of 2 M sulfuric acid. Solution pH 
values were measured using a digital ^H meter. 

III. RESULTS 

The electrochemical behavior of the system was exam- 
ined by applying a slow (10 mV s"1) potential sweep to the 
copper electrode and examining the resultant current re- 
sponse profile. Typical potentiodynamic curves atpH=0.8 
with and without the field are presented in Fig. 1. The current 
response recorded at negative potentials corresponds to cop- 
per deposition and other reduction processes, whereas that 
obtained at positive potentials corresponds to electrodissolu- 
tion of copper. The curves comprise a number of clearly 
defined regions. First we consider the cathodic portion. A 
narrow Tafel type region, where logy varies linearly with 
potential, may be identified at low negative potentials, from 
-200 to -100 mV. Here the electron transfer kinetics at the 
interface are slow and rate determining. It is seen from Fig. 1 
that the magnetic field has some effect on the magnitude of 
the current response in the Tafel region. But the current pla- 
teau which extends from - 200 to - 900 mV increases very 
considerably when the field is present. This feature of curve 
can be ascribed to the diffusion controlled transport of aquo 
Cu2+ species to the electrode surface. The rise in current at 
potentials more cathodic than the current plateau region is 
due to the electroreduction of water to form molecular hy- 
drogen. This process also remains unaffected by the imposi- 
tion of a static magnetic field. The current response at anodic 
potentials is due to the electrodissolution of copper. The ap- 
plication of the field appears to have little effect here. 

We have observed that the plateau of current enhance- 
ment due to the magnetic field depends to a marked extent on 
the pYL of the solution. In Fig. 2(a) we show the variation of 
the mass transport controlled limiting current for copper 
electrodeposition in the absence and in the presence of the 
0.6 T field, with changes in solution pH. Both the "field 
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FIG. 2. Current enhancement at - 500 mV as a function of pH: (a) effect of 
external applied field, (b) percentage enhancement. 

off" and "field on" currents increase with decreasing solu- 
tion pH, but the enhancement increases markedly with de- 
creasing pH, as shown in Fig. 2(b). The extent of current 
enhancement is typically 10-15% over the pH range 1.5- 
2.5, whereas a very rapid increase in current enhancement is 
observed when the solution becomes strongly acidic. For ex- 
ample, at pH 0.7 the current enhancement is 117%. This 
effect had not been noted previously in the literature. Fur- 
thermore, in a series of experiments where we varied the 
electrode orientation and field direction relative to the cell 
we could detect no significant variations, leading to the con- 
clusion that the effect is independent of the direction of mag- 
netic field. 

The mass transfer enhancement induced by the magnetic 
field was confirmed by weighing the copper electrode. When 
the potential was held at - 500 mV for a fixed interval at pW 
0.8, 11 mg of copper was deposited when the magnetic field 
was applied compared to 5 mg with no applied field. 

Figure 3 shows the Tafel plots obtained for the cathodic 
copper electrodeposition process at pH=0.72. Plots of logy 
vs V are presented in Fig. 3(a). The curvature indicates that 
the potential region where deposition is kinetically controlled 
is quite narrow. Mass transport effects become important at 
quite low potentials. Hence we use the following modified 
form of the Tafel equation to extract values for the transfer 
coefficient a: 

log 
JJL 

J-JLI 
\=K+logca 

aFV 

2.303RT' 
(5) 
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FIG. 3. (a) Tafel plot for copper sulfate in acidified aqueous solution at 
pH=0.72. (b) Modified Tafel plot showing effect of the magnetic field on 
the transfer coefficient. 
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where jL denotes the limiting plateau current density, j is the 
measured current density at any applied potential V. Modi- 
fied Tafel plots presented in Fig. 3(b) are linear. The transfer 
coefficient a in the absence of a static magnetic field is 0.38, 
whereas in the presence of the 0.6 T field we obtain a 
= 0.24. These values are lower than the theoretically ex- 
pected value of 0.5. However, our current/voltage data have 
not been corrected for uncompensated solution IR errors 
which can be significant when large currents flow at the in- 
terface. 

The value of the transfer coefficient a is an indicator of 
the copper deposition process. Our values are in good agree- 
ment with the mechanism proposed by Mattsson and 
Bockris.8 Hence we assign the following sequential mecha- 
nism: 

slow 

Cui+(aq) + e" Cu+(aq), 

fast 

Cu+(aq) + e""^ Cu(s). 

The rate-determining step is the formation of an aquo Cu(l) 
species, which rapidly accepts a second electron to form me- 
tallic copper. 

IV. DISCUSSION 

It appears that the primary effect of the magnetic field is 
to alter the rate of transport of ions to the surface of the 
working electrode. The effect of magnetic fields on the ki- 
netics of interfacial electron transfer processes (manifested 
as currents in the Tafel region of the potentiodynamic re- 
sponse curve) is relatively small. In addition to the entropic 
and viscous forces which control diffusion of hydrated ions 
in aqueous solution, electric and magnetic fields will gener- 
ate a force on the electroactive ions which can be expressed 
in terms of the Lorentz equation: 

F=4(E+vXB), (6) 

where q denotes the charge on the ion and v is the ionic 
velocity. The net magnetic force generated per unit volume 
FM is related to the net current density j associated with ion 
transport through the solution by FM=jB sin 6, where 6 is 
the angle between the current vector and the field. Taking j 
-O.lAcm"2, we obtain FM~600Nm"3. We then com- 
pare this force to the gravitational force on the copper ions in 
the same volume, FG~470Nm~3, justifying the idea that 
the magnetic field might influence convection. 

Striking features of our data are the independence of the 
current enhancement on the angle 0, and the pH dependence, 
with the sharp increase below a pH of 1.4. The Pourbaix 
diagram for the sulfur/water system at 298 K indicates that 
the predominant anionic species changes from SO^- to 
HSO4 at a solution pH value close to 1.5. 

Hence the composition of the ionic atmosphere sur- 
rounding the copper ion changes in this critical pH region. 
Furthermore, as the pR is reduced, the solution becomes 
more conducting, which reduces the electric field in the dif- 
fusion layer and cuts down transport of ions by direct migra- 
tion to the cathode.9 The transport process at low pH is es- 
sentially diffusive, which means that the velocity to consider 
in Eq. (4) is the instantaneous velocity of the ion, rather than 
the velocity associated with the net current density. As a 
result, it is the effective diffusion coefficient D in the bound- 
ary layer, or possibly the thickness S of the layer itself which 
is influenced by the magnetic field. 

It has been noted in recent literature10'11 that the rate of 
transport of electrically neutral species can also be signifi- 
cantly enhanced by an applied magnetic field. Since the Lor- 
entz force acting on a neutral species is zero, the field- 
induced enhancement of the flux of a neutral molecule must 
occur indirectly. One possibility is that experimentally ob- 
served current and material flux enhancement is due to con- 
vective solution flow induced by the field. This approach can 
be quantified in the context of magnetohydrodynamic 
theory.12 Microscopically, the solution flow results from a 
momentum transfer from electric-field-accelerated ions to 
neighboring ions and solvent molecules: Hence, as noted by 
White and co-workers,10'11 the MHD analysis describes cur- 
rent enhancement in terms of a magnetic body force acting 
on a solution element through which a distributed and con- 
tinuous current passes, rather than in terms of the direct in- 
teraction of the field on discrete current carrying ions. 
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Impedance magnetic resonance imaging: A method for imaging of 
impedance distributions based on magnetic resonance imaging 
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Magnetic resonance imaging (MRI) techniques have become important tools in medicine and 
biology. Conventional MRI, however, produces no information about the electrical properties of the 
body. This article proposes a new and noninvasive method for imaging electrical properties such as 
conductivity and impedance based on MRI techniques. The basic idea is to use the shielding effects 
of induced eddy currents in the body on spin precession. Two types of methods are introduced; (i) 
a large flip angle method, and (ii) a third coil method. The large flip angle method enhances the 
shielding effects of conducting tissues at the given Larmor frequency. The third coil method detects 
the shielding effects of conducting tissues at an arbitrary frequency. Both phantom and animal 
experiments have been carried out to verify this concept using a MRI system of 7.05 T with a bore 
size of 183 mm in diameter.   © 7998 American Institute of Physics. [S0021-8979(98)23711-X] 

I. INTRODUCTION 

Since electrical properties are important characteristics 
of living organisms, techniques for impedance tomography 
to visualize impedance distribution have been developed 
with great interests.1'2 The previously proposed techniques 
require that electrodes are attached to the surface of the hu- 
man body. Meanwhile, magnetic resonance imaging (MRI) 
techniques have become important tools in medicine and bi- 
ology. Conventional MRI, however, produces no information 
about the electrical properties of the body. This article pro- 
poses new methods to visualize electrical impedance distri- 
bution based on MRI techniques. 

When conductive tissues are subjected to an excitation rf 
field in MRI, eddy currents are induced in the tissues. In this 
article, a new method for impedance tomography is intro- 
duced based on MRI techniques. The basic idea is to use 
shielding effects of induced eddy currents in the body on 
spin precession. Two types of methods are proposed. 

One proposed method to visualize the conductivity dis- 
tribution of living organisms is to use very large flip angles. 
The method is used to obtain conductivity-enhanced MR im- 
ages at the given Larmor frequency. 

Another proposed method is to apply an additional time- 
varying magnetic field parallel to the main static field B0. 
The magnetic field is produced by the third coil, named 
"Bc" coil. The method is used to obtain conductivity- 
enhanced MR images at an arbitrary frequency. Experiments 
have been carried out to verify these concepts using a 7.05 T, 
18.3 cm system. 

which results in the reduction of the net rf fields into the 
tissues. By the shielding effects, the flip angles, (i.e., nutation 
angles of the macroscopic magnetization of excited spins 
from the axis of the main static field B0,) are reduced in 
varied degrees, depending on the electrical characteristics of 
the tissues. 

When a precise 180°, 360°, or 540° excitation pulse is 
applied to conductive tissues, the tissues do not yield a signal 
due to the absence of the transversal components of magne- 
tization. Meanwhile, resistive tissues yield signals because 
they are less electrically shielded than conducting tissues and 
simultaneously undergo different flip angles. Also, the resis- 
tive tissues leave transversal components with magnitudes 
determined by the sine wave functions of flip angles. The 
difference in signal, therefore, reflects the conductivity of 
tissues. By applying very large flip angles, conductivity- 
enhanced MR images can be obtained, yet, only at the given 
Larmor frequency, and in the direction perpendicular to the 
applied rf field. 

To obtain conductivity-enhanced images at an arbitrary 
frequency, an additional time-varying field parallel to the 
main static field B0 is introduced. The perturbing field is 
produced by the third coil hereby named Bc coil. By the 
perturbing field or Bc field, slice positioning of the image is 
affected, and the slice selection fluctuates. Spatial informa- 
tion in the read-out and phase-encoded directions are also 
affected. Conducting tissues are less affected by Bc field, 
because of the shielding effects. Since the frequency of Bc 

field   is   independent   of   the   given   Larmor   frequency, 

II. PRINCIPLES 

When conductive tissues are exposed to rf magnetic 
fields, eddy currents are induced in the conductive tissues, 

"'Electronic mail: ueno@medes.rn.u-tokyo.ac.jp 
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FIG. 1. Series of image projections of water and saline solution phantom 
obtained with excitation power increased stepwise from the left to the right. 
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FIG. 2. Proton density reference image of the mouse head. (a) 

conductivity-enhanced images can be obtained at any fre- 
quency but in the direction perpendicular to the B c field. 

III. MATERIALS AND METHODS 

Experiments were first performed on a distilled water 
phantom and a saline solution phantom. Both phantoms were 
columnar, 2 cm in diameter, and 4 cm long. A conventional 
spin echo (SE) sequence was used to obtain MR images. By 
varying the excitation rf power level stepwise, image projec- 
tions in the read-out direction were obtained. A 7.05 T, 18.3 
cm machine was used. The proton Larmor frequency of mag- 
netic resonance at 7.05 T is 300 MHz. To eliminate the lon- 
gitudinal Ti relaxation effects, the repetition time Tr was set 
as Tr= 10 s. Next, a series of image projections of the head 
of a four-week old mouse were obtained. The SE images of 
the head were obtained by applying excitation pulses which 
were 160°, 180°, and 200° selective to the cerebrospinal fluid 
(CSF) of the head. 

A four-turn solenoidal coil of 6 cm in diameter was fab- 
ricated as the Bc coil to produce a low-frequency sinusoidal 
magnetic field of 10 mT in amplitude. The amplitude of the 
field was comparable to the amplitudes of the reading-out 
gradient field and the maximum phase-encoding field. An 
eight-week old rat was subjected to SE imaging with a con- 
stant Bc field of sinusoidal 1 kHz. 

IV. RESULTS AND DISCUSSION 

Figure 1 shows a series of image projections obtained 
with the excitation power increased stepwise from the left to 
the right. The larger projections, to the right of each image, 
are the water phantoms, and to the left are, smaller projec- 
tions of the saline solution phantom. The saline solution 

(b) 

(c) 

FIG. 4. Images of the mouse head obtained with different excitation flip 
angles to cerebrospinal fluid (CSF). (a) 160°, (b) 180°, (c) 200°. 

M/UiJlJ 
160 180 200 
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FIG. 3. Series of image projections of the mouse head obtained with the 
excitation power increased stepwise from the left to the right. 

phantom contained air as a marker. The maximum projection 
intensity resulted from a 90°, 270°, or 450° excitation, and 
the minimum projection intensity resulted from a 180°, 360°, 
or 540° excitation. It should be noted that the saline solution 
phantom requires more power for excitation than does the 
water phantom. 

Figure 2 is a sagittal SE reference image of the mouse 
head obtained with 90° excitation pulses, a repetition time Tr 
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(a) 

(b) 

FIG. 5. Images of the rat head, (a) Flash reference image of the rat head, (b) 
Reference image subtracted by a ßc-applied image. 

of 3000 ms, and an echo time Te of 10 ms. The horizontal 
(Fl) axis denotes the phase-encoded direction and the ver- 
tical (F2) axis denotes the read-out direction. Figure 3 
shows a series of image projections of the same mouse head 
obtained in the read-out (F2) direction with the excitation 
power increased stepwise from the left to the right. The flip 
angle degrees 160°, 180°, and 200° were selective to the CSF 
of the head. The three images of Fig. 4 are head images with 
excitation flip angles of (a) 160°, (b) 180°, and (c) 200°. 
Also, the flip angles were selective to the brain CSF and all 
angles corresponded to the image projections (Fig. 3). All 

scan parameters were identical to those of the reference im- 
age (Fig. 2) but different in flip angles. The 180° image [Fig. 
4(b)] shows a slight signal from the brain and muscle tissues 
because there were almost no transversal components of 
magnetization. On the other hand, in the same 180° image, 
the resistive fatty tissues, which were transparent to the rf 
field, yielded a specific signal. By applying 180° pulses to 
the conducting CSF and muscle tissues, resistive fatty tissues 
simultaneously received excitation of the flip angles larger 
than 180° and produced an image signal. 

Figure 5(a) is a sagittal, flash (fast low angle shot) ref- 
erence image of the rat head, and Fig. 5(b) is the reference 
image subtracted by a continuous ßc-applied image. The sig- 
nals of Fig. 5(b) are mainly from the spinal discs, ligaments, 
and fatty tissues. Using a continuous Bc field, more spins 
were perturbed in resistive tissues than in conducting tissues, 
and the image signal from resistive tissues fluctuated and 
disappeared. The possible blurring effects of Bc field in the 
read-out direction and phase-encoded direction can be elimi- 
nated by triggering the Bc field. 

There are prior studies on B x field mapping3"5 but, those 
studies have not specifically targeted impedance distribution 
based on MRI techniques without electrodes. Both the large 
flip angle method and Bc field method are sensitive to rf 
inhomogeneity. In addition, both the Larmor frequency Bt 

field and the low frequency Bc field are easily transmitted, 
absorbed, and reflected by biological tissue boundaries in 
varying degrees. The variance depends on the geometry of 
the subject, tissue properties, frequency, and the direction of 
J5! or Bc field. However, in spite of these difficulties, the 
methods of this study are useful to obtain tomographic im- 
ages of electrical impedance distributions of living organ- 
isms. 

V. CONCLUSIONS 

By applying large flip angles, conductivity-enhanced 
MR images were obtained at the Larmor frequency. By ap- 
plying an additional time-varying magnetic Bc field parallel 
to the main static field B0, conductivity-enhanced images 
were obtained at an arbitrary frequency. The development of 
these methods is currently at a qualitative stage, but these are 
noninvasive methods used for visualization of electrical con- 
ductivity distribution in vivo. 

'B. H. Brown and A. D. Seagar, Clin. Phys. Physiol. Meas. A 8, 91 (1987). 
2P. Metherall, D. C. Barger, R. H. Smallwood, and B. H. Brown, Nature 

(London) 380, 509 (1996). 
3J. P. Hornak, J. Szumowski, and R. G. Bryant, Magn. Reson. Med. 6, 158 

(1988). 
4E. K. Insko and L. Bolinger, J. Magn. Reson., Ser. A 103, 82 (1993). 
5R. Stollberger and P. Wach, Magn. Reson. Med. 35, 246 (1996). 
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We investigated whether or not a mutually compensating state of coagulation and flbrinolysis is 
changed by homogeneous magnetic fields. We used a superconducting magnet which produced 
magnetic fields of up to 14 T at its center. Fibrin polymerization over time, and the subsequent 
dissolution of the fibrin fiber network, were observed by measuring the optical absorbance of the 
mixture at 350 nm. A spectrophotometer with an external optical cell box in a superconducting 
magnet was used. We observed that the optical absorbance of the mixture at 350 nm increased 
during the fibrin-polymerization process, and decreased during the fibrinolytic processes. The 
optical absorbance was stable in the transient state between fibrin-polymerization and fibrinolytic 
processes. A magnetic field of 14 T increased the rate of the polymerization process by 55%-70% 
compared to the control group. On the other hand, the rate of the fibrinolytic process under a 
magnetic field at 14 T, increased by 27%-140% compared to the control. The results indicate that 
the magnetic orientation of fibrin fibers accelerated both the polymerization and the dissolution of 
fibrin fibers.   © 1998 American Institute of Physics. [S0021-8979(98)38811-8] 

I. INTRODUCTION 

In the final process of blood coagulation, fibrinogen mol- 
ecules change to fibrin monomers through the action of pro- 
tease thrombin. Fibrin monomers are polymerized and form 
various sizes of fibers to become a gel. The fibrinogen mol- 
ecule is composed of diamagnetic material which has dia- 
magnetic anisotropy. In the course of polymerization, the 
fibrin fibers orient parallel to the magnetic fields.*~3 Past 
studies have focused on the mechanisms of the polymeriza- 
tion process using the magnetic orientation of fibrin. To in- 
vestigate the fibrin structure and the mechanism of fibrin 
assembly, effects of coagulation factors such as Ca2+, factor 
XHIa, and fibrinopeptides on magnetic orientation of fibrin 
were clarified.4"6 We reported the clotting ability of various 
sizes of fibrinogen fractions using a magnetic orientation 
technique.7 

In this study, we carried out an experiment to investigate 
whether or not a mutually compensating state of coagulation 
and flbrinolysis is changed by static magnetic fields. We 
measured the sophisticated process of enzymatic reactions of 
thrombin and plasmin under a 14 T homogeneous magnetic 
field. When blood coagulation occurs, the enzyme plasmin 
dissolves fibrin fibers, and the blood vessel remains in a nor- 
mal state. The effects of magnetic fields on enzymatic reac- 
tions, which involve enzymes such as thrombin and plasmin, 
are interesting because each of these enzymes has opposing 
roles in the process of fibrin clot formation. 

II. METHODS 

We used a horizontal superconducting magnet which 
produced magnetic fields of up to 14 T at its center. First, 3 

a)Clinical Laboratory, Kyushu University Hospital, Kyushu University, 
Fukuoka 812, Japan. 

ml of fibrinogen solution (2.4-10.7 mg/ml) was incubated 
for 2 min at 37 °C. Next, plasmin and thrombin were added 
into the fibrinogen solution, and the mixture was incubated 
in an optical cell both with and without a constant magnetic 
field at 14 T. 

Fibrin polymerization over time and the resulting disso- 
lution of the fibrin fiber network were observed by measur- 
ing the optical absorbance of the mixture at 350 nm. A po- 
lymerized fibrin fiber has an optical turbidity. The period to 
reach a maximum level of absorbance at 350 nm is a con- 
ventional parameter for the evaluation of fibrin formation. In 
the present study, we evaluated the absorbance rate at 350 
nm. 

We used a spectrophotometer (JASCO, model V570) 
which has an external optical cell box in a superconducting 
magnet. Two optical fibers connected the external optical 
cell with the spectrophotometer, as shown in Fig. 1. 

III. RESULTS AND DISCUSSION 

The optical absorbance of fibrin gel at 350 nm shows the 
level of polymerization of fibrin fibers. Thick and large fibrin 
fibers have large optical absorbance at 350 nm. 

Superconducting magnet 

TSBTT 

Optical [cell (thejrmally stabilized) 

Optical fiber 

Spectra- ■ • 
; prjojtQnjeter! 

Optical cell 

37°C 

beam 

Optical cell holder 

Water bath 

FIG. 1. Experimental setup for real-time measurement of the processes of 
fibrin formation and dissolution under strong magnetic fields. 
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FIG. 2. Time course of the optical absorbance of the mixture at 350 ran 
during a fibrin polymerization process. The concentrations of fibrinogen, 
plasmin, and thrombin were 10.8 mg/ml, 0.28 units/ml, and 0.13 NIH units/ 
ml, respectively. 

The optical absorbance of the mixture at 350 nm in- 
creased during fibrin polymerization and decreased during 
the fibrinolysis, as shown in Fig. 2. The concentrations of 
fibrinogen, plasmin, and thrombin were 10.8 mg/ml, 0.28 
units/ml, and 0.13 NIH units/ml, respectively. The optical 
absorbance was stable during the transient state between fi- 
brin polymerization and the fibrinolytic processes. The ex- 
periments were carried out four times, and each time similar 
results were obtained. 

We analyzed the time course of the optical absorbance 
of the mixture at 350 nm, and obtained absorbance rates for 
both fibrin polymerization and fibrinolysis, as shown in Fig. 
3. The absorbance rates in both polymerization and fibrin- 
olysis were calculated using a kinetics program of the spec- 
trophotometer system. The concentration of fibrinogen was 
10.8 mg/ml. The bar in positive area shows the rate of poly- 
merization, and the bar in negative area shows the rate of 
fibrinolysis. A magnetic field at 14 T increased the rate in the 
polymerization process by 70% compared to the control 
group. In contrast, the rate in the fibrinolytic process under a 
magnetic field at 14 T decreased by 7% compared to the 
control. Also, a magnetic field at 14 T prolonged the duration 
of the transient state between fibrin polymerization and fi- 
brinolytic processes. 
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FIG. 3. Absorbance rate at 350 nm under both fibrin polymerization and 
fibrinolytic process. The concentrations of fibrinogen, plasmin, and throm- 
bin were 10.8 mg/ml, 0.28 units/ml, and 0.13 NIH units/ml, respectively. 
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FIG. 4. Absorbance rate at 350 nm under both fibrin polymerization and 
fibrinolytic process. The concentrations of fibrinogen, plasmin, and throm- 
bin were 6.4 mg/ml, 0.28 units/ml, and 0.13 NIH units/ml, respectively. 

Figure 4 shows the results with a fibrinogen concentra- 
tion of 6.4 mg/ml. The rate of fibrin polymerization also 
increased under a 14 T magnetic field. The maximum levels 
of the absorbance and the rate of fibrinolysis, increased under 
a 14 T magnetic field. 

Figure 5 shows the results with a fibrinogen concentra- 
tion of 2.4 mg/ml. The effects of the applied magnetic field 
were similar to the results shown in Fig. 4. 

We also obtained the enhancement of both polymeriza- 
tion and dissolution processes of fibrin with a low concen- 
tration of enzymes, as shown in Fig. 6. 

In the case of high fibrinogen concentration, 50 mg/ml, 
magnetic field effects were not significant in fibrin polymer- 
ization, as shown in Fig. 7. Fibrinolysis of the polymerized 
fibrin did not occur due to the high density of fibrin fibers. 

The results of our study indicate that the magnetic ori- 
entation of fibrin fibers accelerated the polymerization of fi- 
brin fibers. 

The complete orientation of fibrin is obtained when the 
magnetic energy of fibrin fibers exceeds thermal energy kT, 

2fi0 
B2>kT, (1) 

where A^ is the diamagnetic anisotropy of a fibrin monomer, 
and N is the number of fibrin monomers in a fibrin fiber. 
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FIG. 5. Absorbance rate at 350 nm under both fibrin polymerization and 
fibrinolytic process. The concentrations of fibrinogen, plasmin, and throm- 
bin were 2.4 mg/ml, 0.28 units/ml, and 0.13 NIH units/ml, respectively. 
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A fibrin fiber with more than 107 fibrin monomers has 
enough energy for complete magnetic orientation under an 8 
T magnetic field at 298 K. Fibrin fibers orient parallel to the 
field direction. 

We proposed a model for the magnetic field effect on 
fibrin polymerization enhancement which is shown in Fig. 8. 
Figure 8(a) shows the formation of fibrin fibers, so-called 
"protofibrils," in the early stages. Later, smaller fibrin poly- 
mers with 105—107 fibrin monomers aligned along the mag- 
netic field direction. Thus, fibrins under magnetic fields form 
a thick and dense mass and show a high rate of optical tur- 
bidity increase. 

In a previous study, we carried out an experiment to 
understand how the fibrin, oriented in a magnetic field, 
dissolves.3 Fibrin gels formed in a magnetic field were more 
soluble than those formed without a magnetic field. It was 
observed that the shapes of holes in dissolved fibrin changed 
to ellipsoidal patterns when fibrin plates were formed in a 
magnetic field at 8 T. The transverse axis of the ellipse was 
parallel to the magnetic fields. 
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FIG. 7. Absorbance rate at 350 nm under both fibrin polymerization and 
fibrinolytic process. The concentrations of fibrinogen, plasmin, and throm- 
bin were 50 mg/ml, 0.81 units/ml, and 0.78 NIH units/ml, respectively. 

FIG. 8. A model for the magnetic field effect on fibrin polymerization 
enhancement. 

The present results of optical turbidity measurement also 
show that the oriented fibrin fibers dissolve at a high rate. It 
is possible that the magnetic orientation of the fibrin fibers 
enhanced the dissolution of fibrin by plasmin for low fibrino- 
gen concentration. However, for high fibrinogen concentra- 
tion, it was suggested that plasmin embedded in oriented 
fibrin gel lost its ability to dissolve the fibrin fibers. 
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Bioluminescence under static magnetic fields 
M. Iwasakaa) and S. Ueno 
Department of Biomedical Engineering, Graduate School of Medicine, University of Tokyo, 
Tokyo 113, Japan 

In the present study, the effect of magnetic fields on the emission of light by a living system was 
studied. The fireflies Hotaria parvula and Luciola cruciata were used as the bioluminescence 
systems. The firefly light organ was fixed at the edge of an optical fiber. The emitted light was 
introduced into a single-channel photon-counting system using an optical fiber. We measured both 
the spectrum of a constant light emission and, the time course of bioluminescence pulses. Two 
horizontal-type superconducting magnets, which produced 8 and 14 T magnetic fields at their 
center, were used as the magnetic-field generators. We also carried out an in vitro study of 
bioluminescence. The enzymatic activity of luciferase was measured under a 14 T magnetic field. 
We measured emission spectra of bioluminescence over the interval 500-600 nm at 25 °C in a 
stable emission state. It was observed that the peak wavelength around 550 nm shifted to 560 nm 
under a 14 T magnetic field. However, the effects of magnetic fields were not significant. Also, we 
measured the time course of emissions at 550 nm in a transient emission state. The rate in the light 
intensity under a 14 T magnetic field increased compared to the control. There is a possibility that 
the change in the emission intensities under a magnetic field is related to a change in the 
biochemical systems of the firefly, such as the enzymatic process of luciferase and the excited 
singlet state with subsequent light emission. © 1998 American Institute of Physics. 
[S0021-8979(98)38911-2] 

I. INTRODUCTION 

The question of whether magnetic fields affect enzy- 
matic activities or not is of considerable interest in biochem- 
istry and in biomagnetics. Possible biomagnetic and chemi- 
cal effects can be expected when biological systems are 
exposed to both static magnetic fields and other energy such 
as light and radiation.1 Photochemical reactions produced by 
a radical-pair intermediate in solution, can be exposed to 
show magnetic-field effects that arise from an electron- 
Zeeman interaction, an electron-nuclear hyperfine interac- 
tion, or a hyperfine interaction mechanism including an 
electron-exchange interaction in a radical-pair intermediate. 
A common mechanism of magnetic-field effects on photo- 
chemical processes is that a chemical yield of the cage or 
escape product shows a magnetic-field dependence when a 
single-triplet intersystem crossing is subject to magnetic 
perturbations. The magnetic-field effects on photochemical 
reactions were verified in previous studies.2 

To clarify the effect of magnetic fields on enzymatic 
reactions in living systems, it is important to study the enzy- 
matic reactions that involve radicals generated from nonpho- 
tochemical processes. Haberditzl reported that magnetic 
fields of up to 6 T enhanced the activity of catalase 
4.9%-52%.3 We examined the possible effects of static mag- 
netic fields on biochemical reactions catalyzed by xanthine 
oxidase and by catalase.1'4 It was reported that magnetic 
fields of 0.10-0.15 T affected B12 ethanolamine ammonia 
lyase.5 While several enzymatic processes have radical pairs, 
it is not easy to examine the products of a radical reaction in 
vivo. However, if the products could be measured by light 

emission, the real-time measurement of the radical reaction 
could be available in an in vivo system. The use of biolumi- 
nescence to investigate the interaction of magnetic fields 
with in vivo biochemical processes involving the radical 
pairs is effective. In the present study, the effect of magnetic 
fields on the emission of light by a living system was stud- 
ied. 

II. METHODS 

A. Magnetic-field exposure systems 

We used two horizontal types of superconducting mag- 
nets. The magnet 700 mm long with a bore of 100 mm in 
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FIG. 2. Emission spectra of firefly Hotaria parvula over the intervals 500- 
600 nm at 25 °C with and without magnetic field at 14 T. 

diameter produced 8 T at its center. The magnet 480 mm 
long with a bore of 50 mm in diameter produced 14 T at its 
center. All experiments were carried out under homogeneous 
magnetic fields of 8 and 14 T. 

B. In vivo experiments 

The fireflies Hotaria parvula and Luciola cruciata were 
used as the bioluminescence systems. The firefly light organ 
was fixed at the edge of an optical fiber. The emitted light 
was introduced into a single-channel photon-counting system 
using an optical fiber, as shown in Fig. 1. We measured both 
the spectrum of a constant light emission and the time course 
of bioluminescence pulses. 

C. In vitro experiments 

We carried out an in vitro study of bioluminescence by 
means of a luciferin-luciferase reaction. The enzymatic ac- 
tivity of luciferase was measured under a 14 T magnetic 
field. We prepared a reaction mixture, which contained 0.1 
mM of d-luciferin (RD systems Co.), 1.5-4.0 m units/ml of 
luciferase, 5 mM of magnesium sulfate, and 20 mM of 
HEPES (pH 7.7). The luciferase was a recombinant of Lu- 
ciola cruciata. 

The reaction was started by the addition of 50 /A of ATP 
solution. The final concentration of ATP was changed in the 
range of 0.2 yag/ml-0.2 mg/ml. Reaction mixtures were ex- 
posed to a magnetic field of 14 T for 2000 s at 25±0.1 °C. 
The emission of bioluminescence was stable at low intensity 
emissions where the optical intensity decreased below 1000 
counts per second (cps). However, the emission was unstable 

500 1000  1500  2000 

Time [sec] 

2500 

FIG. 4. The effects of a 14 T magnetic field on the time course of the 
transient emission of the firefly Hotaria parvula at 550 nm. 

when the optical intensities were —10 kilocounts per second 
(kcps). We measured the spectra of bioluminescence under 
stable emission conditions. 

III. RESULTS AND DISCUSSION 

We measured the emission spectra of in vivo experi- 
ments of the bioluminescence of the firefly Luciola cruciata 
in an 8 T magnetic field. In the range of 25-37 °C, the peak 
intensity and wavelength at 435 nm changed significantly. 
However, the two peak wavelengths, at 435 and 550 nm, did 
not change in an 8 T magnetic field. The effects of an 8 T 
magnetic field on the emission spectrum are negligible com- 
pared to the effects of temperature. 

We measured the low-intensity (<1 kcps) emission 
spectra of bioluminescence of Hotaria parvula over the in- 
terval 500-600 nm at 25 °C under a 14 T magnetic field. It 
was observed that the peak wavelength around 550 nm 
shifted to 560 nm under a 14 T magnetic field, as shown in 
Fig. 2. Figure 3 shows the effects of a 14 T magnetic field on 
the peak wavelength at 550 nm. The effects of magnetic 
fields were not significant.- 

The emission spectra of the in vitro luciferin-luciferase 
reactions were also measured under the stable states. In our 
experiment, the light intensities were stable at approximately 
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FIG. 6. Rate in the emitted light intensity of the luciferin reaction at 550 nm 
under a 14 T magnetic field after the addition of an ATP solution. 

2000 s after the addition of an ATP. A distinct effect of the 
magnetic field on the peak wavelength at 550 nm was not 
observed. 

Furthermore, we measured the time course of the emis- 
sion of firefly Hotaria parvula in a transient emission state. 
Figure 4 shows a time course of high-intensity (5-10 kcps) 
emissions at 550 nm. During the experiment, the light inten- 
sity gradually decreased; the firefly was exposed to a 14 T 
magnetic field, three times. It was observed that a 14 T mag- 
netic field enhanced the inclination of emission intensity. 

Figure 5 shows the time course of the emitted light of 
the luciferin-luciferase in vitro reaction at 550 nm under a 
14 T magnetic field. After the addition of an ATP solution, 
the light intensity rapidly increased. The reaction mixture in 
an optical cell was inserted into the superconducting mag- 
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FIG. 7. Effects of the concentrations of ATP and luciferase on the time 
course of bioluminescence at 550 nm. 

net's bore, and the decreasing light intensity was observed. 
The light intensity under a 14 T magnetic field decreased 
rapidly compared to the control. Figure 6 shows the rate of 
emitted light intensities at 14 T. A 14 T magnetic field af- 
fected the transient state of the time course of the light in- 
tensity. 

In order to investigate the mechanism of the observed 
effects, we measured the time course of the emitted light, by 
changing the concentration of ATP and luciferase, as shown 
in Fig. 7. The upper figure of Fig. 7 shows results with a 
constant concentration of ATP and four types of luciferase 
activities. When the activity of luciferase decreased, optical 
intensities also decreased. Similarly, lowering the ATP con- 
centration for a constant concentration of luciferase reduced 
the optical intensity. Decreasing the luciferase activity, the 
ATP concentration and a 14 T magnetic field exposure have 
the same effect, an optical intensity drop. 

There is a possibility that the change in the emission 
intensities under a magnetic field is related to the change in 
the biochemical systems of the firefly, such as the enzymatic 
process of luciferase and the excited singlet state with sub- 
sequent light emission. Figure 8 shows the mechanism of the 
luciferin-luciferase reaction.6 The luciferin and luciferase 
form an enzyme-substrate complex, and an intermediate di- 
oxetane produces a radical pair in the singlet state, oxyln. 
The excited singlet state of oxyln generates a cage product 
and yellow-green light. On the other hand, the triplet state 
generates only an escape product. It is possible that the mag- 
netic fields affect the single-triplet intersystem crossing by 
electron-Zeeman interactions, i.e., Ag mechanism.2 

IV. CONCLUSION 

In conclusion, it was found that the bioluminescence of 
the luciferin-luciferase reaction was changed under a mag- 
netic field at 14 T. The static magnetic fields of 14 T en- 
hanced the decrease of emission intensity. The static mag- 
netic fields of 8-14 T had no distinct effects on the peak 
wavelength at 400-600 nm. 

>S. Ueno and K. Harada, IEEE Trans. Magn. 22, 868 (1986). 
2S. Nagakura and Y. Molin, Chem. Phys. 162, 1 (1992). 
3W. Haberditzl, Nature (London) 213, 72 (1967). 
4S. Ueno and M. Iwasaka, J. Appl. Phys. 79, 4705 (1996). 
5T. T. Harkins and C. B. Grissom, Science 263, 958 (1994). 
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Structure of water molecules under 14 T magnetic field 
M. Iwasakaa) and S. Ueno 
Department ofBiomedical Engineering, Graduate School of Medicine, University of Tokyo, 
Tokyo 113, Japan 

In this study, we investigated the effects of strong magnetic fields of up to 14 T on the near-infrared 
spectrum of water molecules. We used a near-infrared spectrophotometer, which has an external 
optical cell box in a 14 T superconducting magnet. We measured the near-infrared spectrum of 
water in the range of 900-2000 nm by changing the optical path lengths from 0.1 to 100 mm. The 
peak wavelengths in the near-infrared spectrum in the range of 900-2000 nm of water, increased in 
length by 1-3 nm under a 14 T magnetic field. Also, we measured a near-infrared spectrum of 
glucose solutions under a magnetic field at 14 T to investigate the hydration of sugar. In contrast to 
the case of water, the peak wavelength of glucose solutions showed blueshift under a 14 T magnetic 
field. When the magnetic fields were changed from 0 to 14 T, the differential optical absorbance of 
the glucose solution at 958 nm increased compared to the controls. There is a possibility that the 14 
T magnetic field affects the formation of hydrogen bonds of water molecules and the hydration of 
glucose molecules.   © 1998 American Institute of Physics. [S0021-8979(98)39011-8] 

I. INTRODUCTION 

Water, an important material for living systems, is a dia- 
magnetic material. We have observed the phenomenon that 
the surface of water was parted by magnetic fields and the 
bottom of the water chamber appeared when water was ex- 
posed to magnetic fields up to 8 T.1'2 It is important to know 
whether or not magnetic fields affect the property of water 
molecules. As water is an essential material in the living 
body, the understanding of the behavior of water under mag- 
netic fields provides information to discuss the effects of 
magnetic fields on living systems. 

The so called ' 'Moses' effect'' can be explained by the 
diamagnetic property of water. Since water is diamagnetic, 
when a magnetic force acting on water reaches a high 
enough value, it presses back the water. Also, it is important 
to understand the mechanism of the interaction of magnetic 
fields with organic and water molecules. A diamagnetic mac- 
romolecule such as fibrin is a good model for studying bio- 
magnetic effects because fibrin polymers are oriented paral- 
lel to the direction of magnetic fields.3 Compared to 
paramagnetic inorganic materials, solutions of biological ma- 
terials such as proteins and amino acids are mostly diamag- 
netic, and their magnetic susceptibility is small. 

We reported the effect of magnetic fields up to 8 T on 
the enzymatic reaction of glucose oxidase with D -glucose 
using an electrochemical technique.4 We observed that elec- 
tric currents decreased by 10%-20% after a magnetic-field 
exposure for 1-2 h. We conjecture that the diffusion process 
of glucose in aqueous solution, into the pore of the electrode, 
appeared to be inhibited by the magnetic field. Also, it is 
important to investigate the effects of dissolved oxygen con- 
centration on the properties of aqueous solution.5'6 The re- 
ported effect of a magnetic field on the diffusion of saccha- 
rides through a porous membrane was obtained at 1.1 T.7 It 

is possible for a strong magnetic field to affect the hydration 
of sugar. 

In this study, we investigated the effects of strong mag- 
netic fields of up to 14 T on the near-infrared spectrum of 
water and a sugar solution. 

II. METHODS 

We investigated the near-infrared spectrum of aqueous 
solutions using a horizontal type of superconducting magnet, 
which produces 14 T at its center. We used a near-infrared 
spectrophotometer, which has an external optical cell box in 
a superconducting magnet, as shown in Fig. 1. Two optical 
fibers connected the external optical cell with the spectro- 
photometer. 

We measured the near-infrared spectrum of aqueous so- 
lutions in the range of 900-2000 nm. Each of the spectra 
was obtained from 100 to 600 measurements. The optical 
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FIG. 1. Experimental setup for near-infrared absorbance measurement of 
water and glucose solutions under magnetic fields of up to 14 T. 

0021 -8979/98/83(11 )/6459/3/$15.00 6459 11998 American Institute of Physics 



6460   J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 M. Iwasaka and S. Ueno 

Path length of cell: 30 mm 

 Control 
— 14T magnetic field exposure 

Path length of cell: 30 mm 
  Control 
■—■ 14T magnetic field exposure 

Wavelength [nm] 

FIG. 2. Effects of a 14 T magnetic field on near-infrared spectrum of water 
at 900-1000 nm. Optical length is 30 mm. 

path lengths of the cells were 0.1, 10, 30, and 100 mm. All 
measurements were carried out in a temperature-stabilized 
holder at 25 °C. 

Also, we measured the near-infrared absorbance of a 
sugar solution under a magnetic field at 14 T to investigate 
the hydration of the solute in aqueous solution. The hydra- 
tion of D -glucose was investigated by the absorbance of sol- 
utes at 958 nm.8 We measured the absorbance of 2.3, 1, and 
0.1 M of D-glucose solution and water. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the effect of a 14 T magnetic field on the 
near-infrared spectrum of water at 900-1000 nm. The optical 
path length of the cell was 30 mm. A peak wavelength at 970 
nm shifted to a longer wavelength in a 14 T magnetic field. 
Each of the spectra was the average of 600 measurements. 

We measured spectra of two types of glucose solution, 
2.3 and 1.0 M, in the 30 mm optical path. Each of the spectra 
was obtained from 600 measurements. Figure 3(a) shows the 
spectrum of 2.3 M of the D-glucose solution. The peak 
wavelength of 2.3 M glucose shifted to a longer wavelength 
compared to the water without magnetic-field exposures. In 
contrast to the case of water, the peak wavelength of 2.3 M 
glucose showed blueshift under a 14 T magnetic field. The 
effect of magnetic fields on 1.0 M of the D-glucose solution 
was the blueshift of a peak wavelength, as shown in Fig. 
3(b). 

Figure 4 shows the effects of magnetic fields of up to 14 
T on the near-infrared absorbance of D-glucose solutions 
and water at 958 nm. Figures 4(a) and 4(b) show the results 
in the optical paths of 10 and 100 mm, respectively. 

The optical absorbance at 958 nm in the 10 mm optical 
path was adjusted to zero when an empty cell was put in the 
optical cell holder. When the magnetic fields were changed 
from 0 to 14 T, the absorbance of 1 M of the D-glucose 
solution increased by 0.006 [optical density (OD)], as shown 
in Fig. 4(a). The absorbance at 958 nm of 1 M of the 
D-glucose solution was stable in the range of 0-14 T. How- 
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Path length of cell: 30 mm 

 Control 

—— 14T magnetic field exposure 
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FIG. 3. Effects of a 14 T magnetic field on near-infrared spectra of 
D-glucose solutions at 900-1000 nm. (a) 1.0 M of D-glucose solution, and 
(b) 2.3 M of D-glucose solution. Optical length is 30 mm. 

ever, when we measured the absorbance at 958 nm of dis- 
tilled water under magnetic fields, the absorbance decreased 
by 0.010 (OD). 

In the experiments with the 100 mm optical path cell, the 
absorbance level was adjusted to zero by water. As shown in 
Fig. 4(b), when the magnetic fields were changed from 0 to 
14 T, the absorbance of 1 M of the D-glucose solution in- 
creased by 0.2 (OD). When we measured the absorbance of 
distilled water at 958 nm under magnetic fields, distinct 
changes in the absorbance were not observed. 

The results of Figs. 3 and 4 indicate that the increase in 
the optical absorbance at 958 nm under magnetic fields was 
because a property of the glucose solution, such as the hy- 
dration of glucose, changed under magnetic fields of up to 14 
T. 

We investigated the property of near-infrared absorbance 
of water by changing the optical path length for a second 
time. Figure 5 shows the time course of the change in the 
peak wavelength of water at 977 nm. The optical path length 
was 10 mm. Each of the spectra was obtained from 100 
measurements. Before magnetic-field exposure, the peak 
wavelength was 977.0-977.1 nm. The peak shifted to 978.0 
nm under a 14 T magnetic field, and gradually shifted to the 
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FIG. 4. Near-infrared absorbance of D -glucose solutions and water at 958 
nm under magnetic fields of up to 14 T. 

shorter wavelength after the magnetic field was turned off. 
Figure 6 shows the effects of a 14 T magnetic field on 

the peak wavelength of water at 1920-1940 nm. The optical 
length was 0.1 mm. Each of the spectra was obtained from 
900 measurements. The peak wavelength of water shifted 
from 1927.2+0.9 nm to 1929.4±0.8 nm under the 14 T 
magnetic field. 

An enhancement of the formation of hydrogen bonds in 
water molecules under high pressure was reported.9 The bot- 
tom figures of Fig. 6 show an enhancement of the formation 
of hydrogen bonds in water molecules. The near-infrared 
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FIG. 6. Effects of a 14 T magnetic field on the peak wavelength of water at 
1920-1940 nm. Optical length is 0.1 mm. The lower figure shows an en- 
hancement of the formation of hydrogen bonds in water molecules (Ref. 9). 
The species of water molecules, which have two hydrogen bonds, increased 
in number, and the peak wavelength shifts to longer wavelengths. 

spectrum of water around 1900 nm originates from the spe- 
cies of water molecules SI and S2.9 The species of water 
molecules, (S2) which have two hydrogen bonds, increased 
in number, and the peak wavelength shifts to longer wave- 
lengths. There is a possibility that the species of water mol- 
ecules, which have two hydrogen bonds between water mol- 
ecules, increased in number under the 14 T magnetic field. 
Also, we need to investigate the possibility of the effects of 
dissolved oxygen on the optical properties of aqueous 
solutions.5'6 
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FIG. 5. Effects of a 14 T magnetic field on the peak wavelength of water at 
978-980 nm. Optical length is 10 mm. 
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Estimation of multiple sources using a three-dimensional vector 
measurement of a magnetoencephalogram 

Koichiro Kobayashia) and Yoshinori Uchikawa 
Tokyo Denki University, Ishizaka Hatoyama Hiki-gun, Saitama, 350-0394 Japan 

We developed a three-dimensional (3D) second-order gradiometer connected to three 
superconducting quantum interference devices (SQUIDs) for vector measurement of a 
magnetoencephalogram (MEG) that can detect magnetic-field components perpendicular and 
tangential to the scalp simultaneously. Each coil is orthogonally wound with Nb-Ti wire on a 
rectangular solid 3X3X6 cm. To assess discrimination and separation of multiple sources, we 
carried out a 3D vector measurement of the MEG with a mixed auditory evoked field (AEF) and a 
somatosensory evoked field (SEF) overlapping in time. The magnetic-field distribution 
perpendicular to the scalp was not helpful in estimating the location and number of sources, owing 
to the lack of a dipole pattern. But the magnetic-field distribution tangential to the scalp can provide 
information about constraint conditions by visual inspection. We estimated multiple sources of the 
mixed AEF and SEF from the MEG data of the magnetic field tangential to the scalp and confirmed 
by comparison with magnetic resonance imaging (MRI) of a subject's head superimposed source 
locations. We conclude that this 3D second-order gradiometer can provide constraint conditions by 
visual inspection for calculating the inverse problem with multiple sources. © 1998 American 
Institute of Physics. [S0021-8979(98)39111-2] 

INTRODUCTION 

Magnetoencephalogram (MEG) measurement of the 
magnetic field perpendicular to the scalp is widely used. 
There are problems of separating multiple sources overlap- 
ping in time when many distinct areas of the cortex are 
active.1-4 We developed a three-dimensional (3D) second- 
order gradiometer connected to three superconducting quan- 
tum interference devices (SQUIDs) for vector measurement 
of the MEG that can detect magnetic-field components per- 
pendicular (Br) and tangential (B6,B<p) to the scalp 
simultaneously.5 The magnetic-field distribution tangential to 
the scalp can provide information about constraint conditions 
by visual inspection. This paper presents a 3D vector mea- 
surement of the MEG with a mixed auditory evoked field 
(AEF) and a somatosensory evoked field (SEF) overlapping 
in time, and also presents an estimation of multiple sources 
using the MEG data of the magnetic-field components per- 
pendicular and tangential to the scalp. 

METHOD 

A 3D vector measurement of the MEG was carried out 
using a 3D second-order gradiometer shown in Fig. 1(a). The 
coordinate system is shown in Fig. 1(b). The 3D second- 
order gradiometer is orthogonally wound with Nb-Ti wire 
on a rectangular solid 3X3X6 cm. The magnetic-field output 
of this gradiometer is expressed as follows: 

Br=B(r,6,<f>)-2B(r+Ar,6,<l>) + B(r + 2Ar,e,<f>), 
(1) 

B0=B(r,d,<f>)-2B(r,6+AO,<f>) + B(r,O+2AO,<l>), 
(2) 

B<j>=B(r,e,(f>)-2B(r,6,(f>+A<f)) + B(r,6,(t>+2A<t>), 
(3) 

where (r,6,(p) indicates the lowest place of the Br compo- 
nent coil shown in Fig. 1(a). Ar is a base line (2.8 cm) of a 
Br coil. Ad and A<f> indicate a base line (1.4 cm) of a coil for 
B 6 and Bcß. 

A multiple source estimation study was done using the 
moving dipole inverse solution with a spherical homoge- 
neous conductor model (85 mm radius) as a human head. 
Multiple sources are estimated by minimizing the cost func- 
tion, which is the least-squares fit between the measured 
magnetic field and calculated magnetic field. In this method, 
source parameters such as amplitude and orientation were 
varied, and the minimum cost function was obtained by it- 
erative calculation. The cost function / is defined as 

f= 
2 (Bm-Bet)2 

n ' 

2 (Bmi)2 

i=i 

(4) 

(a) 3-D second-order gradiometer (b) coordinate system 

"'Electronic mail: kobaya@f.dendai.ac.jp 
FIG. 1. Configuration of a 3D second-order gradiometer and the coordinate 
system. 
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(a)Brcomponent(310fT/In)    (b)B9 component(93fT/In)   (c)Bc)> component(74fT/In) 

(d)Br component(250fT/In)    (e)B6 component(78fT/In)   (f)B<(> component(62fT/In) 

FIG. 2. Isofield contour maps consisting of the mixed AEF (120 ms) and 
SEF (80 ms) overlapping in time, (a), (b), and (c) measured MEG; and (d), 
(e), and (f) calculated MEG. 

where Bmi is the measured magnetic field at ith position, 
and Be, is the calculated field. The goodness-of-fit G is de- 
fined as 

G^ViRfXlOO    (%). (5) 

The main elements of the calculation process for the inverse 
solution are as follows. The initial parameters of the multiple 
dipoles are determined by topographical features of the tan- 
gential magnetic-field distribution (B9,Bcf>). Namely, the 
number and the location of the dipoles are given from tan- 
gential magnetic-field extremes since the tangential magnetic 
field shows maximum or minimum field just above the loca- 
tion of a single dipole.5 The amplitudes of the dipoles are 
also given by the magnetic-field extremes. Then, a least- 
squares calculation [Eq. (4) of the cost function] was per- 
formed for the perpendicular magnetic field (Br) using these 
initial parameters of sources obtained from the tangential 
magnetic field (B9,B<f>). A unique characteristic of this in- 
verse calculation is the use of the initial parameters obtained 
from the tangential field as the constraint conditions. 

MEG MEASUREMENT AND SOURCE ESTIMATION 

We carried out a 3D MEG measurement of mixed AEF 
and SEF overlapping in time. The AEF was elicited by 1 
kHz tone bursts of 50 ms duration to the right ear. The SEF 
was elicited by electric pulses of 0.2 ms duration with 6-8 
mA to the median nerve of the right wrist. The interval of 
stimulation was 500 ms. Stimulation to the median nerve 
was delivered 40 ms later than to the ear. There were two 
evoked fields, namely, the mixed AEF and SEF, overlapping 
in time. There were 30 measurement positions on the scalp. 
All magnetic data were averaged for 400 measurements at 
each position. The sampling interval was 0.5 ms. A band- 
pass filter was used in the range of 0.5-40 Hz. 

Figures 2(a), 2(b), and 2(c) show an example of isofield 
contour maps at 120 ms latency of the AEF and at 80 ms 

(a) Coronal (b) Sagittal (c) Transverse 

FIG. 3. MRI of a subject's head showing the superimposed source localiza- 
tion of the AEF (open square) and the SEF (open circle). 

latency of the SEF. Solid lines (positive field) of the Br 
component shows the outflow of the magnetic flux from the 
scalp. These lines (positive field) of B6 and B(j> show a 
magnetic flux directed along the latitudes and longitudes 
shown in Fig. 1(b). As shown in Fig. 2(a), the contour map 
of Br shows one extremum at measurement position D4 that 
is not a dipole pattern. This map was not helpful in estimat- 
ing the location and the number of sources. By referring to 
the contour maps of B6 and B<fi shown in Figs. 2(b) and 
2(c), we can clearly see two extremes with opposite polarity 
on both contour maps. Namely, these magnetic fields consist 
of two sources with opposite polarity underlying each 
extreme.6 We can obtain the initial parameters of the num- 
ber, the locations, and the directions of the sources by visual 
inspection from these contour maps. We carried out source 
estimation using these initial parameters. Figures 2(d), 2(e), 
and 2(f) show calculated isofield contour maps. The calcu- 
lated maps B 6 and B <f> were estimated from the result of the 
inverse solution from Br. The goodness of fit (G) of Br is 
92.4%, and the goodness of fit (G) of B0 and Bcf> are 88.7% 
and 88.6%, respectively. 

Figure 3 shows the magnetic resonance imaging (MRI) 
of a subject's head. Estimated sources are superimposed on 
the MRI. The localization of the AEF source (open square) at 
120 ms latency on the MRI was estimated at the gyrus of the 
sylvian sulcus with a depth of 1.8 cm below the scalp, which 
is in the auditory area. Localization of the SEF source (open 
circle) at 80 ms latency on the MRI was estimated at the 
gyrus of the central sulcus with a depth of 1.4 cm from the 
scalp, which is the somatosensory area. The results of this 
study, analyzing magnetic fields over the human primary 
cortices, agree in general terms with the related findings in 
previous human studies.7'8 

CONCLUSION 

We developed a 3D second-order gradiometer connected 
to three SQUIDs for vector measurement of the MEG that 
can detect magnetic-field components perpendicular and tan- 
gential to the scalp simultaneously. To assess discrimination 
and separation of multiple sources, we carried out 3D vector 
measurements of the MEG with the mixed AEF and SEF 
overlapping in time. We estimated multiple sources from the 
MEG data and confirmed source locations are reasonable by 
comparison with the MRI of the subject's head. We conclude 
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that this 3D vector magnetic-field measurement can provide 
information on constraint conditions, which can be obtained 
from the tangential magnetic field when we calculate the 
inverse problem with multiple sources. Up to the present 
time, we have used only the magnetic field perpendicular to 
the scalp. 
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Measurements of biomagnetic fields using a high-resolution dc 
superconducting quantum interference device magnetometer 

K. Iramina,a) B. Hong, S. Uchida, K. Goto, and S. Ueno 
Department of Biomedical Engineering, Graduate School of Medicine, University of Tokyo, 
Tokyo 113-0033, Japan 

S. Nakayama 
Seiko Instruments Inc., Matsudo, Chiba 271, Japan 

We have developed a multichannel high-resolution superconducting quantum interference device 
magnetometer for measuring biomagnetic fields produced by small animals. We measured the 
magnetocardiogram produced by a rat. Topographies of the P wave, QRS wave, and T wave of the 
rat magnetocardiogram were obtained. We also measured the magnetoretinogram, visually evoked 
magnetic fields, and auditory evoked magnetic fields of the rat. The signals of the 
magnetoretinogram appeared at 60 ms latency and the field intensities were about 0.6 pT. It was not 
possible to obtain the clear visually evoked fields because those signals were hidden behind the 
magnetoretinogram. It was possible to obtain auditory evoked magnetic fields of the rat. The 
significant differences of the wave forms were observed in both sides of the right ear, which are 
separated by 15 mm. Our system has adequate spatial resolution for measurement of the 
magnetocardiogram and auditory evoked magnetic fields produced by small animals. © 7998 
American Institute of Physics. [S0021-8979(98)39211-7] 

INTRODUCTION 

A dc superconducting quantum interference device 
(SQUID) system is desired for the study of biomagnetism. It 
is especially necessary for use in medical diagnosis and the 
study of higher brain functions. The main aim of measure- 
ment of biomagnetic fields is to estimate the sources of elec- 
trical activity in the brain. Many studies of functional orga- 
nization of the human brain have been made through a 
technique using the magnetoencephalogram (MEG). Most of 
these investigations were concerned with estimation of local- 
ization in evoked magnetic fields. Sources of these evoked 
fields are assumed as a single current dipole. It is sufficient to 
assume a single current dipole as the source within the limits 
of sources in the primary sensory cortex of the brain. How- 
ever, concerning higher brain functions such as memory, 
perception, and learning, a single dipole is not sufficient as 
the electrical activities of the brain are complex. It is impor- 
tant to consider spatially distributed multiple dipoles or 
spreading dipoles as the sources of magnetic fields. But, it is 
difficult to solve the inverse problem using this type of 
source model. Knowledge about the nature of the generator 
of magnetic fields is required for advancing source estima- 
tion. Besides, for the advancement of clinical applications of 
the MEG and magnetocardiogram (MCG), it is necessary to 
investigate the relationship between diseases and induced 
biomagnetic fields using an experimental animal model. 
Typical SQUID magentometers are constructed with 15-25 
mm diameter pickup coils and the distance between each coil 
is 30-40 mm. This type of coil configuration is designed for 
the human brain. Because of limited spatial resolution, this 
configuration cannot be used for the MEG measurements of 

"'Electronic mail: iramina@medes.rn.u-tokyo.ac.jp 

small animals such as the rat. A high-resolution magnetome- 
ter is needed to measure the biomagnetic fields produced by 
small animals in conjunction with more invasive physiologic 
measurements. 

Buchanan et al} and Wikswo et al.2 developed a high- 
resolution SQUID magnetometer, called a micro-SQUID, 
which was designed for the experiments on in vitro prepara- 
tions such as isolated nerves and muscles and slices of brain 
tissue. Measurement of in vitro preparations would benefit 
from 1 to 2 mm resolution. Using the micro-SQUID, mag- 
netic evoked fields from an in vivo preparation were recorded 
by Okada et al.3 and Kyuhou and Okada.4 Experiments on 
small animals such as the rat or the cat would benefit from 3 
to 5 mm resolution. In this study, we have designed a high- 
resolution SQUID magnetometer for measurement of the 
biomagnetic fields produced by small animals. 

We measured the MCG produced by a rat. The magne- 
toretinogram (MRG) of the rat, which is produced by the 
retina in response to photic stimulation and the auditory 
evoked magnetic fields, were also recorded. Our system has 
adequate spatial resolution for the measurement of biomag- 
netic fields produced by small animals. 

SYSTEM 

The system consists of a 12-channel SQUID gradiometer 
installed in a five-layer magnetically shielded room. A 
pickup coil with a diameter of 5 mm was selected. Twelve 
pickup coils were located on a 7.5 mm grid. Each pickup coil 
consisted of a first-order gradiometer, which has a 15 mm 
base line as shown in Fig. 1. The distance between the 
pickup coil and the outside surface of the dewar was 5 mm. 
The field sensitivity was 100 fT/yHz in the frequency of the 
white-noise region. While the absolute sensitivity of this sys- 
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FIG. 1.  Sensor layout and pickup coil of a 12-channel high-resolution 
SQUID system. 

tem is lower than in a conventional SQUID system, the rela- 
tive sensitivity compares favorably to the conventional 
SQUID because of the reduced coil-to-source spacing. 

MEASUREMENT OF MAGNETOCARDIOGRAM OF THE 
RAT 

Four adult rats, ranging in weight from 0.2 to 0.3 kg, 
were used in the study. They were anesthetized with urethane 
(0.4 mg/100 g) intraperitoneally. Figure 2 shows the MCG 
signals and electrocardiogram (ECG) signal recorded simul- 
taneously from a rat. The MCG signals are filtered from 0.5 
to 100 Hz and averaged 100 times at the QRS wave of the 
ECG as the trigger. Significant differences are observed in 
the wave-form shape between the points separated by only 
15 mm. We measured the MCG at 63 points over the breast 
of the rat and made isocountor maps at several time points as 
shown in Fig. 3. Each pattern shows the dipole pattern. 

(b) (e) 

FIG. 3. Topographies of the MCGs during the (a), (b), (c), (d), and (e) 
periods, which are shown in the wave form of the ECG. 

MEASUREMENT OF VISUALLY EVOKED MAGNETIC 
FIELDS 

Three adult rats, ranging in weight from 0.25 to 0.3 kg, 
were used in the study. They were anesthetized with urethane 
(0.4 mg/100 g) intraperitoneally. Visual stimuli were pre- 
sented unilaterally with a strobe light. Concentrated points of 
light were delivered to the right eye through an optical fiber. 
The ends of the optical fiber was placed 0.1 m from the eye. 
The left eye was covered by an eye mask. In order to inves- 
tigate the effect of the magnetic fields produced from the 
retina, the electroretinogram (ERG) was measured using a 
contact-lens-type electrode. Figure 4 shows visually evoked 
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FIG. 2. MCGs and ECG of a rat (100 average). The MCGs were measured 
at 63 points on the grid as shown in the figure. 

Time 

FIG. 4. Visual evoked magnetic fields of the rat. Measurement points are 
shown by the black dot in Fig. 5. 
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FIG. 5. Topography of the VEF and the estimated dipole. 

fields (VEFs), which were measured at six points along a 
straight line over both eyes, and the ERG of the right eye of 
the rat. In the ERG, the negative peak appeared at 60 ms and 
the ERG signal changed slowly. The VEF signal had a slow 
component similar to the ERG signal. The VEF and MRG 
were superposed together because the ERG of the rat was a 
large signal and the eyes and the brain were close together. It 
is difficult to discriminate the VEF signals from the MRG 
signals using this SQUID magnetometer. The topography at 
60 ms latency is obtained as shown in Fig. 5. From this 
topography one dipole, which was located at the point of 
right eyeball, was estimated as the source of the ERG. 

MEASUREMENT OF AUDITORY EVOKED MAGNETIC 
FIELDS 

Three adult rats, ranging in weight from 0.25 to 0.3 kg, 
were used in the study. They were anesthetized with urethane 
(0.4 mg/100 g) intraperitoneally. We used tone bursts of 3 
kHz with 10 ms duration as the auditory stimuli. The stimuli 
were presented to the left ear of the rat through a plastic tube. 
Figure 6 shows the superimposed superposition of all ten 
wave forms of the auditory evoked magnetic fields. Magnetic 
signals were filtered from 1 to 100 Hz and averaged 4000 
times. The small peak of the magnetic fields appeared at a 

Time 

FIG. 6. The superposition of ten curves of evoked magnetic fields in the 
stimulation of tone bursts to the left ear of the rat. 

750 ff 

FIG. 7. Topography of the peak at 34 ms latency and the estimated dipole. 

latency about 10 ms and the large peak appeared at a latency 
34 ms. Figure 7 shows the isocontour map over the head of 
the rat at 34 ms latency. The peak of the emerging flux is 
anterior to the right ear, and the peak of the entering flux is 
posterior to the right ear. The source of this peak is estimated 
at a point, which is 3 mm lateral from the meatus acusticus 
externus. 

DISCUSSION 

In this study, we were able to measure the MCG and the 
MEG of the rat with adequate spatial resolution. Animal ex- 
periments using a high-resolution SQUID in conjunction 
with more invasive physiological measurements, may con- 
tribute to the further understanding of the physiological basis 
of the MEG, and the advancement of solving the inverse 
problem. We used normal healthy rats in this study. How- 
ever, in animal experiments it is possible to make abnormal 
rat models with diseases such as myocardial infarction or 
cerebral infarction. Using the abnormal rat model, we can 
investigate the relationships between the disease and biom- 
agnetic fields with the possibilities of making diagnoses of 
abnormal activity. Hence, the MCG and MEG may become 
useful noninvasive diagnostic procedures for the investiga- 
tion of abnormal cardiac or brain activity. 
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Magnetic properties and ordering in C-coated FexCoi_x alloy nanocrystals 
Z. Turgut, J. H. Scott, M. Q. Huang, S. A. Majetich, and M. E. McHenry 
Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, 
Pennsylvania 15213 

C-coated Fe^Co^ (x = 0.50, 0.45, 0.40, 0.35, 0.30, 0.25) nanoparticles were produced using a rf 
plasma torch. The only C source was acetylene used as a carrier gas. Structural determination by 
x-ray diffraction indicated a single disordered bcc a-FeCo phase along with graphitic C for all 
compositions. A Scherrer analysis of the peak widths revealed particles to have an average diameter 
of 50 nm. A broad log-normal size distribution was found from transmission electron microscopy 
observations. Magnetic hysteresis loops have been measured to temperatures exceeding 1050 K and 
revealed relatively high room temperature coercivities (200-400 Oe), with a strong compositional 
variation similar to that observed in bulk alloys. Larger coercivities are consistent with particles near 
the monodomain size for these alloys. The temperature dependence of the magnetization revealed 
the effects of atomic ordering. The variation of the saturation magnetization as a function of 
temperature showed a discontinuity near the bulk order-disorder (a^a') transformation 
temperature, as well as loss of magnetization at the a—> y structural phase transition temperature. 
Other features of M(T) near 500-550 °C are consistent with prior observations of a "550 °C 
structural anomaly" which has been observed in bulk alloys with less than perfect order. © 1998 
American Institute of Physics. [S0021-8979(98)28711-1] 

I. INTRODUCTION 

The technical importance of FeCo alloys arises from 
their high saturation magnetization and Curie temperature 
which cannot be matched by any other alloy system. The 
high saturation magnetization of up to 2.4 and the Curie 
temperature about 950 °C are characteristics for the FeCo 
alloys with compositions 25%-50% Co. Alloys near equi- 
atomic compositions are particularly soft and exhibit large 
permeabilities1 which can be attributed to a zero crossing of 
the first order magnetic anisotropy constant, Kx near this 
composition. We have described our initial attempts to pro- 
duce FeCo[C] nanoparticles as precursors for the eventual 
production of a dense compacted nanocrystalline soft alloy.2 

FeCo alloys in the composition range of about 30%- 
70% Co undergo a continuous (i.e., higher than first order) 
order-disorder phase transformation at a maximum tempera- 
ture of 730 °C at the equiatomic composition. The change in 
the structure from the disordered a-bcc(Al) to the ordered 
a'-CsCl(Z?2) appears as a X. type anomaly in the heat tem- 
perature spectra. The composition dependence of this order- 
disorder transformation of bulk FeCo alloys is well estab- 
lished by specific heat measurements3 and neutron 
diffraction.4 

It has been reported by many workers that in the specific 
heat curve of the ordered FeCo superlattice alloy, there is a 
peak of unknown origin at about 550 °C in addition to that 
for the order-disorder transformation which occurs at higher 
temperatures. A complete explanation of this so called 
550 °C anomaly in bulk FeCo alloy which has also been 
observed in discontinuities in the T dependence of the elec- 
trical resistance, saturation magnetization, specific heat hard- 
ness, and thermo electromotive force has not been given yet. 

It has, however, been concluded that the 550 °C anomaly 
does not exist in equilibrium and is rather associated with 
metastable disordered FeCo.6 

In previously reported work7 we have given magnetic 
evidence for the order-disorder transformation in a nanoc- 
rystalline Fe50Co50 alloy produced in carbon-arc. The com- 
positional dependence of this structural transformation has 
not been studied until now in nanocrystalline alloy particles. 
Here we report our success to synthesis this nanocrystalline 
powders by a rf plasma torch route and our investigation of 
the compositional dependence of the ordering temperature 
for Fe^Co^iC] (A: = 0.55, 0.60, 0.65, 0.70, and 0.75) 
nanocrystalline alloy compositions. We briefly discuss the 
existence of 550 °C anomaly in our nanocrystalline systems 
and results of measurements of the ordering transformation 
kinetics. 

II. EXPERIMENT 

We have employed a radio frequency plasma system 
(Fig. 1) consisting of a TEKNA PL 50 type plasma torch 
head and a gas expansion-reaction vessel connected to a fil- 
tering unit. A 50 kW, 3 MHz power supply (lepel) was used. 
Argon gas flowing at 40 standard liters per minute (slpm) 
was used as plasma gas and the sheath gas was consisted of 
80 slpm Ar mixed with 9 slpm of hydrogen. A 6-10 /mm Fe 
powder and 1.6 fim Co powder mixture was used as a start- 
ing feedstock and injected axially into the plasma stream 
through an injection probe with the aid of a screw driven 
powder feeder and 3 slpm Ar as a carrier gas. Acetylene was 
introduced into the carrier gas and powder mixture between 
powder feeder and injection probe as a carbon source for 
coating purposes. 

0021 -8979/98/83(11 )/6468/3/$15.00 6468 © 1998 American Institute of Physics 
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FIG. 1. (a) A detailed schematic representation of plasma torch head, (b) The rf plasma torch reaction with reaction chamber and porous metal filters. 

X-ray diffraction characterization of the as-synthesized 
nanoparticles was carried out on a Rikagu 6-6 diffractometer 
using Cu Ka radiation. Transmission electron microscopy 
(TEM) on a JEOL 4000 EX was used to examine the coating 
morphology. A high temperature vibrating-sample magneto- 
meter (with a Lake Shore Model 7300 controller) was em- 
ployed for the magnetic measurements up to 1000 °C. 

III. RESULTS AND DISCUSSION 

We have only observed disordered bcc (a-Fe), fee Co, 
and graphitic carbon by x-ray diffraction with no observation 
of carbides, oxides, or the hep e-Co phase. A Scherrer analy- 
sis of the peak broadening indicated an average particle di- 
ameter of d~5Q nm which is in reasonable agreement with 
TEM observations of particle size with a Gaussian type size 
distribution. High temperature magnetic measurements re- 
vealed that the bcc (a-Fe) structure is in disordered meta- 
stable state as produced. 

Figure 2(a) shows saturation magnetization as a function 
of composition before and after annealing at 800 °C. The 
highest Ms value is observed at composition 70% Fe as pre- 
dicted by the Slatter-Pauling curve. After annealing reorder- 
ing of the initially disordered particles results in an increase 
of the saturation magnetization as was detected by neutron 

diffraction studies. Figure 2(b) shows coercivity as a func- 
tion of composition. The initial permeability measurements 
for bulk Fe give lower values at compositions close to the 
70% Fe-30% Co which can be thought because of the higher 
coercivities at this composition. 

Figure 3(a) illustrates the thermomagnetic data at H 
=500 Oe for various Fe^Coi-^fC] alloy nanoparticles. Heat- 
ing rate was 4 °C/min for these series of experiments. It is 
surprising that no compositional dependence of the reorder- 
ing temperature was observed. It is possible to argue that, 
nanocrystalline materials are composed of randomly ar- 
ranged surface atoms and increased temperature leads to the 
relaxation of interfacial atoms which makes the surface of 
the particles more compact and surface atoms more ordered, 
so that magnetization increases. But the differential thermal 
analysis results in a previous work7 convinced us that the 
peak in the heating branch corresponds to the reordering phe- 
nomena. From this it may be suggested that contribution of 
reordering to an increase in magnetization is greater than that 
of surface relaxation. No compositional dependence, on the 
other hand, can be related to a faster kinetic nature of the 
nanocrystalline particles. In nanocrystalline particles an 
enormous enhancement of diffusivity has been reported.8 

Saturation   Magnetization  vs   Composition 

Before and after annealing at 8ÖD Coercivity  vs  Composition   for  FeCo  Alloy 

(a) 

FIG. 2. (a) Composition dependence of saturation magnetization for as-produced disordered and annealed-ordered nanocrystals. (b) Coercivity chance as a 
function of composition for the same nanocrystals. 
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FIG. 3. (a) Magnetization vs temperature data taken at 500 Oe and 4 0C/min. heating rate for various FeA.CO]_c[C] nanoparticles. (b) Same response taken at 
10 kOe and 2 °C/min heating rate. 

Figure 3(b) shows high field thermomagnetic data for 
Fe^Coi_x[C] alloy nanocrystals where //=10kOe with a 
heating rate of 2 °C/min. Again no compositional depen- 
dence of the reordering temperature was observed for the 
saturation magnetization. Another observation was that the 
presence of 550 °C anomaly which occurs as a decrease in 
saturation magnetization with increasing temperatures up to 
510 °C. The Fe70Co30 composition leaves the characteristics 
of other compositions with the presence of very small 
anomalous effect of temperature. This result is in good 
agreement with Velisek,9 showed that based on the calori- 
metric studies, while Fe50Co50 composition shows 550 °C 
anomaly accompanied with the chance of specific heat at this 
temperature, Fe3Co composition shows a small degree of 
anomaly at this temperature. Our measurements on annealed 
samples showed that while the anomaly is observed in com- 
positions (rather than Fe70Co30 composition) not depending 
on the initial structure is ordered or metastable disordered, 
initially ordered Fe70Co30 composition revealed no anomaly. 
In nanocrystalline materials the anomaly occurs at tempera- 
tures well below 550 °C which can be concluded from the 
fact of high diffusivity in this particles. 

A large amount of work based on resistivity measure- 
ments concluded that the 550 °C anomaly does not exist in 
equilibrium. Yokoyama6 has reported that it takes about 15 h 
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FIG. 4. Time-dependent response of low field magnetization at 400 °C 
where ff=500 Oe. 

for initially disordered FeCo bulk sample to reach the equi- 
librium at temperature 475 CC. Figure 4 shows the time re- 
sponse of magnetization of Fe50Co50 nanocrystalline alloy at 
400 °C and 500 Oe. For a nanocrystalline material it takes 
about 1 h to reach the equilibrium at a given temperature 
even at relatively lower temperatures. As the temperature is 
further increased faster time response is observed, i.e., 30 
min at temperature 650 °C. Having this high diffusivity in 
nanocrystalline system, we should not have observed the 
550 °C anomaly based on the conclusion mentioned earlier. 
This result may lead to reconsideration of Goman'kovs' l0 

suggestion which propose that anomaly arises by the appear- 
ance of magnetic dispersion in the superstructural reflection 
caused by the difference in partial magnetic moments at tem- 
peratures above the anomaly temperature. 
IV. CONCLUSION 

We have successfully produced Fe^Coi-^C] nanopar- 
ticles with a disordered bcc structure by plasma torch syn- 
thesis. Reordering of this as-quenched nanoparticles was ob- 
served with thermomagnetic measurements. No 
compositional dependence of this reordering temperature 
was observed due to the fact that high diffusivity in this 
particle dominates over the compositional effect. The so- 
called 550 °C anomaly was observed as a decrease in satu- 
ration magnetization even with the lower heating rates, i.e., 
2 °C/min. 
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Soft magnetic properties of LaCo13 and La (Co, Fe)13 alloys 
M. Q. Huang,a) W. E. Wallace, and M. E. McHenry 
Department of Materials Science and Engineering, Carnegie Mellon University, Pittsburgh, 
Pennsylvania, 15213 

Q. Chen and B. M. Ma 
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LaCo^ and La(Co, Fe)13 alloys have been prepared and studied as high temperature, high 
performance soft magnetic materials. The dc magnetic properties have been measured over a 
temperature range of 10-1273 K in fields of 0 to 5 T. Data obtained show that the dc magnetic 
properties (HC,KX) of the La(Co, Fe)13 bulk alloys are comparable with Fe bulk alloy and Tc 

= 1021-1297 K are higher than that of Fe and Hiperco; ac magnetic properties are first time 
reported in a bulk LaCo13 alloy, showing a reasonably higher power loss than that of commercial 
Hiperco alloy. The ac magnetic properties can be improved by making LaCo13 alloys as laminated 
thin sheets. © 1998 American Institute of Physics. [S0021-8979(98)29311-X] 

I. INTRODUCTION 

LaCo13 has a high content of the 3d element Co which 
leads to a large magnetization (1.3 T) and a high 
re(1297 K).1 Because of these properties, this alloy has at- 
tracted attention in regard to high temperature applications. It 
had been studied in this laboratory some years ago as a hard 
magnetic material. Results were negative in that regard.2 In 
the present investigation, LaCo13-based alloys have been 
studied as soft magnetic materials. Their cubic structure 
leads to the low anisotropy and coercivity, which is required 
by a soft magnetic material. This article provides information 
in regard to the basic soft magnetic properties, both dc and 
ac, for LaCo13-based alloy systems. LaCo13 and 
La(Co, Fe)13 alloys have been synthesized and characterized 
in a bulk form. The dc magnetic properties have been mea- 
sured over the temperature range of 10 to 1273 K in fields 
from 0 to 5 T. The ac magnetic properties are established at 
room temperature in the frequency range of 50 Hz to 100 
kHz. The magnetocrystalline anisotropy constant K1 has 
been estimated based on the law of approach to saturation. 

II. EXPERIMENTAL DETAILS 

The alloys were prepared by arc melting under argon, 
after which they were heat treated at 1273 K for about one 
week. X-ray diffraction (XRD) with Cu radiation was used to 
determine crystal structure and lattice parameters. The dc 
magnetic properties (M, Tc, Hc, and K^) were established 
using a vibrating sample magnetometer (VSM) and a super- 
conducting quantum interference device magnetometer 
(SQUID) with a chunk sample. The ac magnetic properties 
were established using a hysteresisgraph (Walker AMH-401) 
with a toroidal sample which was cut from a bulk ingot. The 
dimensions of the toroidal sample are o.d. (1.5 cm), i.d. (0.9 
cm), path (3.77 cm), and area (0.3X0.3 cm2). 

III. RESULTS AND DISCUSSIONS 

A. Structure and dc magnetic properties 

The structure and dc magnetic properties Ms, Hc, and 
Tc are given in Table I and Fig. 1. The results show that the 
LaCo13 sample is single phase with the fee NaZn13 structure. 
It exhibits no phase transition between RT and 1300 K, ex- 
cept a magnetic transition (ferro to para) at the Curie tem- 
perature (1297 K). The coercivity, Hc, for a polycrystal bulk 
sample of the LaCo13 alloy is —8 Oe at RT and ~ 10 Oe at 
10 K. It is comparable with a pure Fe sample, the Hc of 
which is around 5 Oe for a bulk material. Above room tem- 
perature, Hc of the LaCo13 alloy decreases almost linearly 
with increasing temperature. At 800 °C, it is about 30% re- 
duced from that at room temperature (see Fig. 1). This be- 
havior can be ascribed to the decrease of magnetocrystalline 
anisotropy energy with increasing temperature. The moment 
of LaCo13 alloy at RT, 130 emu/g, is lower than that of Fe 
and Fe-Co alloys. However, the moment can be enhanced 
by partial replacement of Co with Fe. As shown in Table I, a 
sample with —40% Fe substitution, has a moment of 153 
emu/g at RT and 159 emu/g at 10 K. This alloy retains the 
fee structure of the LaCo13 alloy and shows a similar low 
Hr, around ~ 8 Oe at RT and ~ 10 Oe at 10 K. 

B. Magnetocrystalline anisotropy constant /C, 

Making use of the law of approach to saturation for 
polycrystalline material with crystals oriented at random and 
also in cubic structure,3 

TABLE I. Structure and dc magnetic Properties of LaCo13-type alloys. 

"'Electronic mail: mh8f@andrew.emu.edu 

Compound Structure a(A) M (emug/g)a 

RT      10 K 

Hc (Oe) rc(K) 

RT 10 K 

LaCo13 

La(Co0.6Feo.4)13 

NaZn13 

NaZn13 

11.340 
11.469 

130 
153 

135 
159 

~8 
~8 

-10 
-10 

1297 
1021 

aMeasuredatff=5T. 
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we have estimated a magnetocrystalline anisotropy constant 
Kx for a LaCo13 sample. The sample is in a cube shape. 
Considering the effect of a demagnetizing field created by 
the magnetic poles of this cube sample on our measurement, 
a demagnetizing factor N=0.27 has been used. It is taken 
from Bozorth's demagnetizing factor calculation data for a 
rod-shape sample with length/diameter =1.4 From experi- 
ment results of moment 1(G) vs field //(Oe), we can obtain 
dlldH vs l///3 (see Fig. 2). Then, from the slope of this 
curve, 2bls= 16K]/105IS, we have estimated a value of Kx 

~3.5-6X 105 erg/cm3, which is comparable with Kx of Fe, 
4.5 X105 erg/cm3. 

C. The ac magnetic properties 

The information about the ac magnetic properties of the 
LaCo13 toroidal sample are given in Fig. 3-8. 

Figure 3 shows typical ac-(BH) loops, measured at dif- 
ferent frequencies (50 Hz-5 kHz). Maximum induction Bm, 
coercivity Hc vs maximum field Hm at 50-400 Hz and total 
core loss per unit mass Pcm vs Bm are given in Figs. 4 and 5. 
The Bm is around 10 kG at 50 and 400 Hz. The Hc increases 
from ~ 12 to —27 Oe when frequency increases from 50 to 
400 Hz. The total power loss at 400 Hz is around 0.2 W/g for 
Bm=10kG (see Fig. 5). It is much higher than that of a 
current commercial Hiperco 50 sample, which is 0.01 W/g 
for £m=10kG at 400 Hz.5 This high power loss was ex- 
pected, especially due to the eddy current loss. As we 
know,4'6 the macroscopic eddy current loss is proportional to 

FIG. 3. ac-BH loops measured at 50 Hz-5 kHz for LaCo,3. 

0 10 ^HmCOe)30 40 

FIG. 4. B„,, Hc vs H,„ at 50 and 400 Hz for LaCo13. 
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FIG. 5. Pcm (core loss per gram) vs B,„ (flux density) at 50-400 Hz for 
LaCo13. 
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FIG. 2. dlldH vs 1///3 for LaCo13. (/-moment per volume). FIG. 6. 2TT(IA'IfLn)lii, (specific loss factor) vs/ at B,„ of 0.1-1 kG. 
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FIG. 7. Pcm/f (core loss per cycle) vs / (frequency) at Bm=4-8 kG. 

(fBr)2/p, where / is the frequency, B is the induction, p is 
the resistivity, and r is the radius of the cylinder or the thick- 
ness of the plate of the materials. Comparing the dimensions 
of the LaCo13 sample with the Hiperco sample, which is 
made of laminated thin sheets and the thickness of the each 
sheet is -0.015 cm, the r~ V(0.09)cm2/7r~0.17 cm for the 
LaCo13 sample is almost 11 times larger than that of the 
Hiperco sample. By this factor, the eddy-current loss for the 
LaCo13 sample could be 100 times higher than that of the 
Hiperco sample. Except for the eddy current loss, the total 
power loss also involves a hysteresis loss and a residual 
loss.4 By using classic methods,4 we can analyze and sepa- 
rate these three type of losses. 

1. Power losses analysis 

a. Losses in low inductions: (Z?m = 0.1-lkG, /=£500 
Hz): Legg7 gave an empirical equation expressing the losses 
in low fields: 2ir(fx"//x')//Xj = ef+aB + c, where 
(fi"/ß')//j,i is the specific loss factor, /x' is the real part, and 
/x" is the imaginary part of the complex permeability, /xt is 
the initial permeability, 167, which was obtained from dc 
measurement by using Walker dc hysteresisgraphy in a cyl- 
inder sample at this lab, e is the eddy-current resistance co- 
efficient, a is the hysteresis resistance constant, and c is re- 
sidual loss constant. We have measured the frequency 
dependence of2TT(/x"//x')//Xj at different Bm, 0.1-1 kG (in 
Fig. 6). The values of e, a, and c can be established as 
follows: (1) e —4.8X 10~5 s, which is around four orders of 
magnitude higher than that of Hiperco 80 alloys (10~9).8 (2) 
a~ 1.3X 10~5 G_1, which is a same order of magnitude with 
that of the Hiperco 80 (10-5). (3) C-5600X 10"6, which is 
a same order of magnitude as ferrite materials.8 

b. Losses at intermediate and high inductions: (Bm 

= 0.3-0.8Bs, andf^ 100 Hz). Using the Steinmetz equation 
for hysteresis losses,4 the total power losses are as follows: 
P=7jBl6f+eB2f2, or Plf (power losses per cycle) 
= 7jBL6+eB2f, where r/B16 is the hysteresis loss per cycle 
and eB2f is the eddy current loss per cycle. We have mea- 
sured the frequency dependence of core loss per cycle at 
ßm = 4-8 kG and plotted Plf vs / for different Bm, (in Fig. 
7). From these experimental curves, one can established rj 
and e. The results are: e—1.2X10~6s, and 77—6 
X 10~3 Oe. Using these two constants, we can analyze the 
relative loss of eB2f2 and rjBX6f. For example, to obtain 

400 

200 

0.1 1 
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FIG. 8. Frequency dependence of the real (fi1) and imaginary (fi") parts of 
the complex permeability at Hm~25 Oe. 

ßm~8kG at /~400 Hz for the LaCo13 sample, the eddy 
current loss, eB2f2, is 79% of the total loss, which domi- 
nates the power loss, and the hysteresis loss is only 21%. 
Usually, T] is related to coercivity Hc of materials, i.e., rj 
—10~3 Hc. Our experimental results, Hc, measured at Bm 

~8kG and/« 100Hz, are 7-8 Oe, which agree with the 
above estimation. 

2. Magnetic spectrum (in', n" vsf) 

At the ac magnetic field, the magnetic induction B is 
generally delayed by the phase angle S from the magnetic 
field H due to various types of power losses and resonances. 
B = /xH=(fx' -j/x")H, where /x' and /x" express the real 
and imaginary parts of the complex permeability /x, respec- 
tively. The physical mechanism of this lag due to different 
types of resonances can be studied by analyzing a magnetic 
spectrum (/x' and /x" vs / at a low ac field). Figure 8 shows 
a magnetic spectrum of the LaCo13 sample, which was mea- 
sured at a lower field ( — 25 Oe). This curve shows a relax- 
ation type of magnetic spectrum.9 At —400 Hz, the /x' drops 
and fi" increases rapidly and reaches a maximum, as well as 
the energy loss of the sample. It can be suggested that a 
resonance of domain wall motion occurs at —400 Hz. A 
maximum application frequency (cutoff / ) for the LaCo]3 

sample is around —750 Hz, where /x' drops to —half of 
yumax, and it is lower than that of the Hiperco alloys 
(~lkHz). 
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Effects of heat treatment on the magnetic properties of polymer-bound iron 
particle cores 

M. Namkung, B. Wincheski, and R. G. Bryant 
NASA Langley Research Center, Hampton, Virginia 23681 

A. Buchman 
Old Dominion University, Norfolk, Virginia 23529 

Spherical iron particles of three different size distributions, 6-10 /z. in diameter, 100 mesh and 
30-80 mesh, were mixed with 2.0 wt % of soluble imide and compression molded at 300 °C under 
131 MPa. Post-fabrication heat treatments were performed at 960 °C for 6 h resulting in a significant 
enhancement of the permeability in low field region for all the specimens except for the one made 
of 30-80 mesh particles. The rate of core loss of these specimens at a magnetic induction of 5 kG 
measured up to 1 kHz shows a noticeable increase after heat treatment which, along with the 
permeability enhancement, can be explained by the coalescence of particles forming a network of 
conductivity paths in the specimens. The scanning electron micrographs taken for the 6-10 fi 
particle specimens show no evidence of heat treatment-induced grain growth. The untreated 
specimens show a very weak /2-dependence of the core loss which clearly indicates a negligible 
contribution from the eddy current loss. In particular, an almost perfect linearity was found in the 
frequency dependence of the core loss of the untreated specimen made of 100 mesh iron particles. 
© 1998 American Institute of Physics. [S0021-8979(98)34711-8] 

I. INTRODUCTION 

Our previous study has shown that the permeability of 
polymer-bound cores of spherical iron particles of 6-10 /x 
can be enhanced by a factor of 30-40 through a simple post- 
fabrication heat treatment at 960 °C for 6 h.1 The low field 
portion of the magnetization curves of these heat treated 
specimens showed clear evidence of contributions from re- 
versible and irreversible domain wall motions which were 
absent in the untreated specimens. The most probable reason 
for such a heat treatment-induced permeability enhancement 
is the coalescence of iron particles forming a network con- 
necting bare metal particles since the temperature of heat 
treatment was within the range of the typical sintering tem- 
perature of metallic particles. 

Unlike the case of sintered powder metallurgy compo- 
nents, the presence of polyimide in these core specimens 
does not allow a clear visualization of interparticle contacts 
in the scanning electron micrographs. An alternate way of 
investigating the formation of such a network structure is to 
measure the core loss which is sensitive to the range of eddy 
current flow. Hence, the purpose of the present study is to 
systematically investigate the effect of heat treatment on the 
core loss for specimens of different size distributions since it 
is one of the major factors controlling the structure2 upon 
which the magnetic properties of interest depend. 

II. EXPERIMENTS 

Spherical iron particles of 6-10 fi in diameter, 30-80 
mesh (0.59-0.17 mm in diameter) and 100 mesh (diameter 
less than 0.14 mm) were mixed with 2.0 wt % of high 
temperature soluble thermoplastic adhesive known as 
LaRC™-SI and molded into cubic blocks under 131 MPa of 
external compressive load at 300 °C for 30 min.3 Two pic- 

ture frame specimens of identical geometry having a cross- 
section of 6.35X6.35 mm2, and outer edges of lengths 12.7 
mm and 19.05 mm were cut from each block for core loss 
measurements. One of the two picture frame specimens of 
each particle size distribution was heat treated at 960 °C for 
6 h. The rate of heating and cooling before and after heat 
treatment in the furnace was approximately 0.5 °C/min. The 
core loss was measured at the magnetic induction amplitude 
of 5 kG up to 1 kHz except the heat treated specimens of 
6-10 /x and 30-80 mesh particles which were tested to 500 
Hz. Two identical square rod specimens with the same cross- 
section of 6.35X6.35 mm2 and 19.05 mm length were pre- 
pared from each block for the characterization of permeabil- 
ity, mass density and conductivity before and after an 
identical heat treatment. 

III. RESULTS AND DISCUSSION 

Figure 1 summarizes the magnetization curves of un- 
treated and heat treated specimens of the three particle size 
distributions. The magnetization of the three untreated speci- 
mens increases very slowly but maintains its slope in the 
high field region, i.e., roughly 170-500 Oe, which is steeper 
than that of heat treated specimens of 6-10 fi and 100 mesh 
particles. This indicates that a certain level of domain wall 
motion is present in the untreated specimens in this field 
region. This is readily explainable since most iron particles 
are coated and well isolated in these untreated specimens 
providing strong barriers impeding the domain wall move- 
ment such that it takes a stronger driving force to complete 
the domain wall motion.4 The effect of heat treatment on the 
6-10 fi particle specimen is seen to be dramatic. A close 
examination of the initial stage reveals the domain wall mo- 
bility for reversible motion is even higher in the heat treated 
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FIG. 1. Magnetization curves of heat treated (filled symbols) and untreated 
(unfilled symbols) specimens of three different iron particle size distribu- 
tions. 
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FIG. 2. Frequency dependent core loss/unit mass of heat treated (square) 
and untreated (circle) specimens of 6-10 fi iron particle cores. 

specimen of 100 mesh particles than it is in that of 6-10 /n 
particles but the overall induction being much lower in the 
former is not immediately explainable. It is evident that the 
effect of heat treatment on the dc magnetic properties of the 
30-80 mesh particle specimens is merely to increase the 
magnetization. 

Speed and Elman showed that prefabrication annealing 
of the iron particles increase the maximum permeability by a 
factor of 2-54 which is presumably due to relieving of the 
surface residual stress in each particle that tends to limit the 
magnetization activity. The temperature of molding in the 
present work, i.e., 300 °C, is not high enough for residual 
stress relief. The temperature of post-fabrication heat treat- 
ment, 960 °C, is in the range of typical sintering temperature 
and it is safely assumed that the individual particles are 
stress-relieved and coalesced with the neighboring ones 
forming a channel which enhances the domain wall mobility. 
Hence, the post-fabrication heat treatment provides two ma- 
jor effects enhancing the initial magnetization processes ob- 
served in the 6-10 /n and 100 mesh specimen. An indirect 
evidence of coalescence of particles is the brittle-ductile tran- 
sition introduced by the heat treatment as reported in our 
previous study.1 The behavior of initial magnetization of the 
heat treated 30-80 mesh specimen is not readily explainable 
and the rupture test of this specimen, which is yet to be 
performed, may provide useful information. 

Table I summarizes the density and resistivity of the test 

TABLE I. Density and resistivity of test specimens. 

Specimens2 Densityb (gm/cc) Resistivity (fi cm) 

6-10 ix 
100 mesh 
30-80 mesh 

6.376.22d 

5.88/7.41 
5.75/6.92 

0.467/0.043 
1.686/0.057 
0.161/0.064 

"Specimen designation based on the iron particle sizes. 
'Density measured using the weight of an object measured immediately 
after it was submerged in water. (It changes as water fills up the voids. See 
Ref. 1 for details.) 

cValues for untreated specimens. 
dValues for heat treated specimens. 

specimens measured before and after heat treatment. The 
density of the 6-10 /i specimen in this work was reduced by 
heat treatment which is a trend that is consistent with that 
reported in the previous work.1 Such a reduction in the den- 
sity is thought to be due to the bubbling up of the binder 
material, i.e., polyimide, creating voids but why it is limited 
to 6-10 /x particles only is yet to be studied further. The 
resistivity of the 6-10 /UL particle specimen is seen to de- 
crease by a factor of 10 due to heat treatment. Such a reduc- 
tion in the resistivity can be clearly explained. The individual 
particles were originally coated with polyimide. During the 
fabrication process, at 300 °C under 131 MPa of compres- 
sive load, however, a certain fraction of particles rub against 
each other establishing bare metal to metal contacts forming 
an initial stage of network through the specimen. The heat 
treatment causes the neighboring particles in direct contact to 
coalesce into each other to drastically reduce the resistivity 
in the conduction network. In addition, the carbonization of 
polyimide, which begins to occur around 500 °C, transforms 
the insulating layers among the particles into a conducting 
matrix. 

The density and dc magnetic properties are closely re- 
lated to the particle size distribution and the fabrication con- 
dition. For certain simplified conditions, it is possible to nu- 
merically predict both properties.5 The presence of the 
binder, however, causes significant complication and no par- 
ticular correlation can be found. Nevertheless, all the heat 
treated specimens display consistently low resistivity values. 
It is to be noted that the resistivity of the untreated 100 mesh 
particle specimen is much higher than those of the other 
specimens. Figure 2 shows the core loss of heat treated and 
untreated 6-10 fi particle specimens. It is immediately clear 
that the nonlinear frequency dependence is very weak in the 
loss curve of the untreated specimen, whereas a noticeable 
nonlinearity is present in the curve of the heat treated speci- 
men. The simplest model of frequency dependence of core 
loss includes two terms; first and second order terms of fre- 
quency. The former is due to the hysteresis loss and the latter 
is due to the eddy current loss assuming the absence of the 
domain structure. Figure 3 shows a nonlinear curve of core 
loss per kg-cycle as a function of frequency of the heat 
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FIG. 3. Nonlinearity in core loss/unit mass-cycle in 6-10 ß iron particle 
core indicating the effect of anomalous eddy current loss due to a nonuni- 
form distribution of magnetization across the cross-section. 

treated 6-10 /JL particle specimen displaying the effect of 
anomalous eddy current loss caused by the presence of do- 
main wall motion.4 

Figure 4 shows the core loss of heat treated and un- 
treated specimens of 100 mesh particles. The core loss of the 
untreated specimen is seen to be a remarkably linear function 
of frequency which is a clear evidence of the absence of 
eddy current loss in this material. When fitted to a second 
order polynomial, the coefficients of the second and first or- 
der of frequency terms are 5.8149X 10"8 W s2/gm and 
1.4975X10~6 Ws/gm, respectively. Compared to 1.269 
X 10"6 Ws2/gm and 2.187X 10"6 W s/gm for the curve of 
heat treated specimen, the linearity in the untreated specimen 
can be considered nearly perfect. The lack of eddy current 
loss is a strong evidence of the absence of macroscopic eddy 
current flow in the material since the effect of microscopic 

500     750     1000   1250 

Frequency (Hz) 
FIG. 4. Frequency dependent core loss/unit mass of heat treated (square) 
and untreated (circle) specimens of 100 mesh particles displaying a nearly 
perfect linearity in the latter due to the absence of eddy current loss. 
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FIG. 5. Frequency dependent core loss/unit mass of heat treated (square) 
and untreated (circle) specimens of 30-80 mesh iron particles. 

eddy current contribution is linearly proportional to the 
frequency.6 Figure 5 shows the results of core loss measure- 
ments in 30-80 mesh particle specimens. The difference in 
core loss between heat treated and untreated states in these 
specimens is as pronounced as in the specimens of 6-10 JJL 

particles. 
It is evident that the core loss is noticeably lower in the 

untreated specimens than in the heat treated specimens as the 
frequency increases. Apparently, the major contributing fac- 
tor for this is the resistivity. The resistivity of the untreated 
100 mesh iron particle specimen, in particular, is unusually 
high and it contributes to the elimination of eddy current 
loss. At the same time, the magnetization curve of this speci- 
men is comparable to those of the two other untreated speci- 
mens. As high resistivity and magnetization are essential re- 
quirements for a transformer core material, the untreated 100 
mesh iron particle specimen provides a clear direction for the 
further development. 

IV. CONCLUSION 

The effect of heat treatment on the magnetization and 
core loss properties were investigated in polymer-bound iron 
particle cores of three different particles size distributions. It 
was found that the iron particle size distribution strongly 
affects the heat treatment-induced enhancement of magneti- 
zation as well as the frequency dependence of core loss 
which was investigated up to 1 kHz. The absence of eddy 
current loss, which was attributed to high resistivity, was 
observed in the untreated 100 mesh iron particle specimen. 
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Alternating current magnetic properties of cores made from pressed 
acicular steel particles 
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This article describes results of magnetic testing of cores made from a composite material that yields 
powder metallurgically pressed compacts of high density suitable for a variety of ac magnetic 
applications. Small acicular steel particles are annealed, individually insulated, and uniaxially 
pressed using standard powder metallurgical techniques. The ac losses and permeability of the 
pressed compacts are strongly dependent upon particle geometry. The variations of the core loss 
among the different particle geometries was found to be a function of the cross sectional area of the 
acicular particles as well as the strain imparted to the particles during the pressing operation. The 
core loss, when measured at 60 Hz, exhibits a minimum at a certain cross sectional area. The 
shape of the curve is attributed to a decrease in eddy current loss with decreasing particle cross 
sectional area, while the hysteresis loss increases with decreasing particle cross sectional area. 
At a test frequency of 400 Hz, the eddy current component of core loss predominates, and the core 
loss decreases steadily with decreasing particle cross sectional area. Permeability was also found 
to depend upon particle geometry. The smaller the demagnetizing factor of the individual particles, 
the higher the permeability, while the increased strain in the smaller particles overwhelms 
the smaller demagnetizing factor resulting in a decrease in permeability. The net result is a 
maximum in permeability for the mid-sized particles. © 7998 American Institute of Physics. 
[S0021-8979(98)22211-0] 

I. INTRODUCTION 

Pressed cores made from insulated iron powders have 
been used for many years for ac magnetic applications.1 

These "dust cores" and similar flake iron cores are particu- 
larly applicable for very high frequency applications, up to 1 
MHz. Unfortunately, because of the nature of the very fine 
particle size, the density of both dust cores and flake iron 
cores is rather low, therefore, the magnetic properties are not 
suitable for power frequency applications. Recently, there 
has been a resurgence of interest in the development of 
"composite" materials consisting of iron powders with or- 
ganic coatings.2"6 Unfortunately, the low density and low 
frequency properties are still insufficient for use in most de- 
vices that operate at power frequencies. 

This article discusses results of magnetic testing of a 
composite soft magnetic material that has been developed for 
power and low frequency ac magnetic applications.7-9 This 
composite material consists of acicular steel particles that are 
annealed, individually insulated with an organometallic insu- 
lation, lubricated to enable pressing using conventional pow- 
der metallurgical techniques, and pressed to final shape in a 
die. The resultant cores have a very high density 
(7.50-7.70 g/cm3), approximately equivalent to the density 
of a stack of steel laminations. 

Variables that can influence the magnetic properties in- 
clude particle properties such as composition, size, and 
shape, and the processing parameters such as coating thick- 
ness, annealing conditions, and pressing pressure. It has been 
found that the geometry of the particles is particularly im- 
portant if acceptable ac properties are to be obtained. Spe- 

"'Electronic mail: Krause@inland.com 

cifically, these acicular particles are roughly triangular in 
cross section and several orders of magnitude larger than 
typical powdered iron. This article discusses the effect of 
particle geometry on the magnetic properties. 

II. EXPERIMENTAL PROCEDURE 

Steel particles were produced with different cross sec- 
tional areas but with the same particle length (~0.2 cm). 
The cross sectional areas ranged from about 4.6X 10~4 cm2 

for the smallest particle to about 2.5 X 10"3 cm2 for the larg- 
est particle. All particles were annealed, received the same 
amount of insulative coating, the same amount of lubricant, 
and the same pressing pressure (860 MPa) when pressed into 
test cores. The test cores are approximately 1.1 cm in height 
with an inside diameter of approximately 2.5 cm and an out- 
side diameter of approximately 5.0 cm. After pressing, the 
lubricant was baked out of the cores at 315 °C. The compact 
density was approximately 7.70 g/cm3 or about 98% of the 
theoretical density of iron. The ac magnetic properties, core 
loss and permeability, were measured at frequencies of 60, 
100, and 400 Hz. 

From a classical point of view, the total core loss con- 
sists of hysteresis loss and eddy current loss. The hysteresis 
loss is considered to vary linearly with frequency, while the 
eddy current loss varies with the square of the magnetizing 
frequency. Plotting the loss per cycle versus frequency al- 
lows one to separate the loss into the classical components. 

III. RESULTS AND DISCUSSION 

The effect of the cross sectional area of the particles on 
the core loss is shown in Fig. 1. A minimum in 15 kG, 60 Hz 
core loss occurs at a particle cross sectional area of about 
1.4X10"3 cm2. The 15 kG, 400 Hz core loss does not ex- 
hibit a similar minimum within the range of particle sizes 
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FIG. 1. Effect of cross sectional area on 15 kG, 60 Hz, and 400 Hz core 
loss. 

studied. Instead, the core loss steadily decreases as the par- 
ticle cross sectional area decreases. The 15 kG, 100 Hz core 
loss, which is not shown, exhibits a minimum at a particle 
cross sectional area of approximately 1.2X 10"3 cm2. Thus, 
within the range studied, the minimum core loss occurs with 
ever decreasing particle size as the test frequency increases. 
These results can be explained by understanding the contri- 
bution of both the hysteresis losses and the eddy current 
losses in the different sized particles. 

Using an analogy between lamination steels where the 
eddy current loss is proportional to the sheet thickness 
squared,10 the eddy current loss of these small particles 
would be expected to decrease as the thickness (or cross 
sectional area) of the particles decreases. Figure 2 presents 
the slope of the eddy current loss with frequency versus the 
cross sectional area of the particles. The eddy current loss 

1.0 1.5        20 
Cross Sectional Area, cm2 

25X10-3 

FIG. 3. The dependence of 15 kG hysteresis loss on particle cross sectional 
area. 

steadily declines with decreasing particle cross sectional 
area. Thus, the analogy between lamination steel and these 
small particles appears justified. 

The hysteresis loss is dependent upon many factors. 
Some of these factors, such as chemical composition, are the 
same for all particle sizes in this experiment. Yet other fac- 
tors can be different, such as the degree of plastic deforma- 
tion that occurs in the particles during the pressing operation 
and the surface area of the individual particles. Again, draw- 
ing an analogy with lamination steel where the hysteresis 
loss increases as the thickness of the sheet decreases (or as 
the surface-to-volume ratio increases) we would expect that 
the hysteresis loss would increase as the particle cross sec- 
tional area decreases. Figure 3 presents the 15 kG hysteresis 
loss as a function of particle cross sectional area. The hys- 
teresis loss does in fact decrease as the particle cross sec- 
tional area increases and appears to level off for the very 
large particles. As discussed above, this behavior is not un- 
expected. 
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FIG. 2. The dependence of 15 kG eddy current loss on particle cross sec- 
tional area. 
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FIG. 4. Effect of cross sectional area on 15 kG permeability. 
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FIG. 5. Planar anisotropy (highly stylized). 

If Figs. 2 and 3 are compared, it is now evident why the 
core loss behavior illustrated in Fig. 1 is observed. Typically, 
hysteresis loss is said to increase linearly with frequency 
while classical eddy current loss increases with the square of 
frequency.10 Thus, in the low frequency regime, a minimum 
in core loss occurs. However, as the test frequency increases, 
this minimum shifts to ever decreasing particle cross sec- 
tional areas as the eddy current component of the total losses 
begins to predominate. 

The effect of particle cross sectional area on the 15 kG 
permeability is illustrated in Fig. 4. A maximum in perme- 
ability occurs at a particle cross sectional area of about 1.5 
X 10~3 cm2. This behavior is thought to be dependent upon 
two competing processes: (1) the shape anisotropy of the 
individual particles and (2) either the strain induced by press- 
ing or the surface-to-volume ratio of the individual particles. 
Hysteresis loss and permeability should be closely related 
since both measure the "softness" of a magnetic material. 
That is, the lower the hysteresis loss, the higher the perme- 
ability. Previously, it was hypothesized that the hysteresis 
loss increases with decreasing particle cross sectional area 
because the degree of plastic deformation that occurs in the 
particles during the pressing operation might be more severe 
in the smaller particles, and the surface-area-to-volume ratio 
of the individual particles is greater in the smaller particles. 
Thus, if this hypothesis is true, the permeability should de- 
crease with decreasing particle size. 

Competing with the behavior described above is thought 
to be the shape anisotropy of the individual particles. Since 
the particles are acicular in shape, they will tend to have their 
major axes lie perpendicular to the pressing direction when 
they are placed (or fall) into the pressing cavity, Fig. 5. Thus, 
an overall shape anisotropy is created in the pressed com- 
pact. This anisotropy will affect the apparent permeability of 
the compact.11 For simplicity, we can think of these acicular 
particles as small rods, each with a shape anisotropy related 
directly to their aspect ratio. Since all particles are of the 
same length, the particles with the smallest cross sectional 

area will exhibit the lowest demagnetizing factor. Thus, if a 
single particle is magnetized along its axis the apparent per- 
meability will be dependent upon the demagnetizing factor 
ofthat particle, i.e., the smaller the cross sectional area of the 
particle, the higher the apparent permeability. Translating the 
effect into the pressed compact would suggest that the com- 
pacts made from the particles with the smallest cross sec- 
tional area would exhibit the highest permeability. It is sug- 
gested that these competing effects account for the behavior 
exhibited in Fig. 4. 

IV. SUMMARY 

The ac magnetic properties of composite cores pressed 
from insulated acicular particles have been measured. It has 
been found that the size of the particles strongly influences 
the magnetic properties of the pressed cores. Particles with a 
small cross sectional area exhibit a small eddy current loss 
but a high hysteresis loss, while particles with a large cross 
sectional area exhibit just the opposite. Thus, the minimum 
core loss as a function of frequency is strongly dependent on 
particle geometry. Permeability was also observed to be de- 
pendent on particle geometry and this can be explained 
qualitatively in terms of a net shape anisotropy in the pressed 
cores and plastic deformation during pressing. 
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A correlation between magnetic induction and surface phenomena has been investigated in a 3% Si 
steel 0.1 mm thick. During final annealing at several temperatures, the saturation level in magnetic 
induction increased with increasing final annealing temperature, and reached 1.93 T after final 
annealing at 1300 °C for 4.9 ks. This is attributed to the formation of complete (110)[001] Goss 
texture. During final annealing, the magnetic induction of the thin-gauged 3% Si strip was inversely 
proportional to the sulfur concentration on the surface. The surface segregation of sulfur occurred 
after a critical time the silicon concentration on the surface dropped to the level obtained from the 
a-iron matrix containing 3% Si. The drop in silicon level on the thin-gauged strip surface is due to 
the volatile silicon monoxide, which arises from the reaction between the silicon dioxide and the 
silicon segregated, or between the silicon segregated and the oxygen from the high vacuum 
condition.   © 1998 American Institute of Physics. [S0021-8979(98)41511-1] 

I. INTRODUCTION 

A 3% Si steel with (110)[001] Goss texture, which re- 
sults in high magnetic induction, is usually used as core ma- 
terials of power and distribution transformers. There are in- 
dications that adsorption of sulfur, and possibly oxygen, on 
silicon steels can lead to the development of (100)[001] tex- 
ture in thin sheets by a surface-energy induced recrystalliza- 
tion process.1-3 For a clean surface (i.e., the absence of sul- 
fur or oxygen) (110)[001] texture develops. It is the purpose 
of this study to investigate the correlation between surface 
phenomena during final annealing and the magnetic induc- 
tion in a 3% Si steel 0.1 mm thick. 

II. EXPERIMENTAL PROCEDURE 

A 3% Si steel was prepared through vacuum induction 
melting. The chemical composition of the steel is shown in 
Table I. The ingot was hot-rolled to 2.5 mm plates after 
holding at 1200 °C for 3.6 ks. The thickness of the plates 
were finally reduced to 0.1 mm through three-steps cold roll- 
ing process with a reduction ratio of 80%-50%-60%. Dur- 
ing cold rolling process intermediate annealing was per- 
formed at 800 °C for 1.8 ks. The final annealing was given 
the thin strips in the temperature range of 1000-1300 °C for 
0.02 to 184.2 ks. All the annealing treatments were carried 
out under a vacuum of approximately 10~6 Torr. Auger 
electron spectroscopy (AES) was used for surface analyses. 
Surface phenomena on the thin-gauged 3% Si strips during 
final annealing were investigated with ion sputtering tech- 
nique after final annealing, although this method is not accu- 
rate in finding the real Auger peaks because the ion sputter- 
ing technique tends to spread out artificially the solute atom 
distribution in the direction of the beam.4 

III. RESULTS AND DISCUSSION 

Figure 1 shows a change in magnetic induction of the 
thin-gauged 3% Si strip with final annealing time at 1200 °C. 
Here, one sample was only used, and was repeatedly an- 
nealed to 14.4 ks in order to obtain the magnetic induction 
values shown in Fig. 1. During final annealing, the magnetic 
induction [Bl0(T)] passed through a maximum and a mini- 
mum, and then increased up to 1.90 T after final annealing to 
14.4 ks. The magnetic induction, however, amounted to 1.98 
T after one-step final annealing for 14.4 ks. The result of 
ion-sputtering is shown in Fig. 2, which has been obtained 
from the sample finally annealed at 1200 °C for 0.06 ks. 
Prior to ion-sputtering, strong oxygen and carbon peaks were 
observed while sulfur peak was very weak. After ion- 
sputtering for 0.015 ks, the carbon adsorbed on the surface 
from atmosphere was removed, but the oxygen peak became 
stronger, relatively. This result may imply the presence of an 
iron oxide layer of atomic scale on the surface, which can be 
supported by the data.5 A sulfur peak appeared with increas- 
ing ion-sputtering time, and showed a maximum after ion- 
sputtering for 0.045 ks. It is suggested that the position cor- 
responding to the maximum is approximately located at the 
real surface of the thin-gauged strip exposed to the final an- 
nealing condition. Figure 3 shows a change in sulfur concen- 
tration on the thin-gauged strip with final annealing time at 
1200 °C. After final annealing for 0.18 ks, the sulfur concen- 
tration reached a maximum, and then decreased to a low 
level with increasing annealing time. It is shown from a com- 

TABLE I. The chemical composition of the thin-gauged 3% Si steel. 

Si C S N Mn 

2.92 0.002 0.0006 0.0013 < 0.001 
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parison between Figs. 1 and 3 that the maximum in sulfur 
concentration corresponds to the minimum in magnetic in- 
duction, and the magnetic induction increases to the satura- 
tion point with decreasing sulfur. This result is in good 
agreement with the results of some other researches,6'7 which 
reported that the segregated sulfur on surface was the main 
factor inhibiting the formation of (110)[001] Goss texture. 

It has been reported that the segregation kinetics of a 
species is largely influenced by a precipitation reaction re- 
lated to the segregating species8'9 or by evaporation occur- 
ring at a solid-vapor or solid-vacuum interface.10'11 Lea and 
Seah11 found evaporation of tin to be significant in their Au- 
ger study of surface segregation kinetics in an Fe-Sn system, 
and treated the free surface segregation including evapora- 
tion theoretically. Following their result, the surface cover- 
age at short times increases as if there were no evaporation. 
With increasing time, the evaporative loss term becomes 
dominant so that the surface coverage passes through a maxi- 
mum, and then decreases to a very low value. Likewise, such 
a maximum appears also in segregation kinetics accompany- 
ing a precipitation reaction.8'9 Considering the extremely 
high vapor pressure of sulfur,12 such an evaporation phenom- 
enon can possibly occur in the present annealing condition. 
As a result, the maximum point in sulfur concentration, as 
shown in Fig. 3, means a turning point, after which the 
evaporation of sulfur becomes dominant, relatively. 
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Figure 4 shows changes in magnetic induction of the 
thin-gauged strips during final annealing at several tempera- 
tures. At early annealing stage of each temperature, the 
abrupt increase in magnetic induction can mainly be attrib- 
uted to the effect of stress relief. The saturation level in 
magnetic induction increased with increasing final annealing 
temperature, and amounted to 1.93 T after annealing at 
1300 °C for 4.9 ks. However, the saturation value in mag- 
netic induction, 1.71 T, obtained after final annealing at 
1000 °C for 184.2 ks was much lower than that at 1300 °C. 
Ion-sputtering results obtained from the samples finally an- 
nealed at 1000 °C for 3.6 and 91.7 ks are shown in Figs. 5(a) 
and 5(b). As shown in Fig. 5(a), the sulfur segregated is not 
observed within the ion-sputtering time range, while the sili- 
con and oxygen peaks are strong and decrease gradually with 
ion-sputtering time. The silicon peak decreased with final 
annealing time at 1000 °C and dropped to the level obtained 
from the bulk matrix after final annealing for 91.7 ks as 
shown in Fig. 5(b). The sulfur peak appeared after the drop 
of the silicon peak. Based on the results,13"15 the drop in the 
silicon peak during final annealing at 1000 °C can be ex- 
plained as follows. During heating to the final annealing tem- 
perature, the silicon segregated reacts rapidly with oxygen in 
the high vacuum, resulting in silicon dioxide. Subsequently, 
during final annealing at the temperature, the silicon dioxide 
reacts with the silicon segregated from the matrix, giving the 
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volatile silicon monoxide. As a result, the thickness of the 
silicon dioxide decreases with final annealing time, and is, as 
a result, removed on the thin-gauged strip surface. In addi- 
tion, it is suggested that because the additional silicon segre- 
gated on the bare surface without the silicon dioxide also 
reacts with oxygen13-15 in the high vacuum and forms the 
volatile silicon monoxide, the silicon segregated is not ob- 
served on the surface, as shown in Fig. 5(b). On the other 
hand, the sulfur segregation after the drop of the silicon 
peak, as shown in Fig. 5(b), can be attributed to a competi- 
tion between sulfur and silicon in segregation behavior.16"18 

IV. SUMMARY 

A correlation between magnetic induction and surface 
phenomena has been investigated in a 3% Si steel 0.1 mm 

thick. During final annealing at 1200 °C, the magnetic induc- 
tion amounted to 1.98 T after one-step final annealing at 
1200 °C for 14.4 ks. This is attributed to the formation of 
complete (110)[001] Goss texture. The magnetic induction 
of the thin-gauged 3% Si strip was inversely proportional to 
the sulfur concentration on the surface. During final anneal- 
ing at several temperatures, the saturation level in magnetic 
induction increased with increasing final annealing tempera- 
ture, and reached 1.93 T after final annealing at 1300 °C for 
4.9 ks. However, even after final annealing at 1000 °C for 
184.2 ks the saturation level in magnetic induction, 1.71 T, 
was much lower than that at 1300 °C. During final annealing 
at 1000 °C, the surface segregation of sulfur occurred after a 
critical time the silicon concentration on the surface dropped 
to the level obtained from the a-iron matrix containing 3% 
Si. The drop in silicon level on the thin-gauged strip surface 
is due to the volatile silicon monoxide, which arises from the 
reaction between the silicon dioxide and the silicon segre- 
gated, or between the silicon segregated and the oxygen from 
the high vacuum condition. 
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New method to predict the magnetic properties of thin gauged Si-Fe 
sheets 

J. G. Na, C. H. Park, J. Kim,a) N. H. Heo,b) S. R. Leec) C. S. Lee,d) and J. S. Wood> 

Korea Institute of Science and Technology, Seoul 136-791, Korea 

A tertiary crystal growth method was used to fabricate thin gauged 3% Si-Fe sheets in order to 
reduce the thickness of the sheets without deteriorating soft magnetic properties. During the 
investigation, the magnetic properties of final annealed sheets were found to be directly related to 
the magnetic properties of final cold rolled sheets. X-ray and transmission electron microscopy were 
used to understand the above relation. It was found that the fraction of (110) grains at the surface 
of the final cold rolled sheets significantly affected the final magnetic properties of the final annealed 
sheets. On the basis of the above argument, the final magnetic properties of the thin gauged Si-Fe 
sheets can be predicted by the B10 values of the final cold rolled sheets. © 1998 American Institute 
of Physics. [S0021-8979(98)34811-2] 

I. INTRODUCTION 

Due to excellent soft magnetic characteristics, i.e., low 
energy losses and high saturation magnetization at low mag- 
netic fields, usually expressed in Bw (induced magnetic flux 
at 10 Oe), grain oriented 3% Si-Fe sheets have been exten- 
sively studied and are currently used as core materials of 
large transformers, large rotating machines, and pole trans- 
formers where energy losses during magnetization are of 
critical concern.1'2 The magnetic characteristics of 3% Si-Fe 
sheets arise from a preferred orientation, i.e., (110)[001] 
Goss texture formed after cold rolling followed by secondary 
recrystallization.3'4 

It is well known that the energy losses significantly de- 
crease with decreasing thickness of Si-Fe sheets.4 Therefore, 
there have been many investigations to reduce the thickness 
of the Si-Fe sheets with good (110)[001] texture. After 
Walter and Dunn,5 who reported that a difference in surface 
energy induced a tertiary recrystallization, thin gauged 3% 
Si-Fe sheets with good magnetic properties were developed 
using the tertiary recrystallization in a vacuum.6'7 

The production of thin gauged 3% Si-Fe sheets are 
composed of several procedures including melting and cast- 
ing, preannealing, 3 times cold-rolling, intermediate anneal- 
ing, and final annealing, and the magnetic properties of the 
final annealed sheets are very sensitive to the parameters of 
each procedure. It is, therefore, very helpful to find a method 
to predict the final magnetic properties of the thin gauged 
sheets. During investigating the effect of reduction ratio/pass 
in the cold rolling processes on the magnetic properties and 
the microstructures of the sheets, it was found that the final 
cold rolled sheets that had high Bl0 values showed the high 
Bw values after final annealing. For example, the final cold 
rolled sheets with B10 of 0.83 and 0.76 T exhibited the Bw 

values of 1.98 and 1.84 T in the final annealed sheets, re- 
spectively. 

In this paper, the relationship between the magnetic 
properties of the cold rolled and final annealed sheets was 
investigated using x-ray and transmission electron micros- 
copy (TEM). 

II. EXPERIMENTAL METHODS 

100 fim thick 3% Si-Fe sheets were prepared via con- 
ventional metallurgical processes including melting and cast- 
ing, hot rolling to 2.5 mm, preannealing at 800 °C for 30 
min, first cold rolling to 0.5 mm, intermediate annealing at 
800 °C for 30 min, second cold rolling to 0.25 mm, interme- 
diate annealing at 800 °C for 30 min, final cold rolling to 100 
/im and final annealing at 1200 °C for 1 h in a vacuum of 
10-6 Torr. Detailed processes for the sheets are published 
elsewhere.8 

The compositions of the thin 3% Si-Fe sheets, shown in 
Table I, were analyzed by a chemical method. The micro- 
structures of thin 3% Si-Fe sheets were analyzed by TEM 
and optical microscope specimens. 10% nital solution was 
used as an etchant for the optical microscopes. Philips 
CM-30 was used for TEM analysis and a jet thinning method 
utilizing 8% perchrolic acid +92% acetic acid was used to 
perforate TEM specimens. A Seifert XRD-3000PTS was 
used for x-ray analysis. 

The magnetic properties of 3% Si-Fe sheets were mea- 
sured using a dc flux meter (Toei model TRF-5AH1) and an 
open circuit method. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the variations of the B10 values of final 
cold rolled and final annealed thin gauged 3% Si-Fe sheets, 

a,Department of Metallurgy and Materials Science, Hanyang University, 
Ansan 425-171, Korea. 

b>KEPRI, Taejon 305-380, Korea. 
''Department of Metals Engineering, Korea University, Seoul  136-701, 

Korea. 
d,Pohang Iron and Steel Co., Pohang 790-785, Korea. 

TABLE I. Composition of a thin gauged 3% Si-Fe sheet (wt %). 

.    Si C S N Mn 

2.92 0.002 0.0006 0.0013 <0.001 
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prepared by a tertiary recrystallization method. It shows that 
the annealed sheets with high Bl0 values also have high Z?10 

values in the final cold rolled condition. This simple relation- 
ship provides an effective method to predict the final mag- 
netic properties of thin gauged 3% Si-Fe sheets and makes 
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FIG. 2. (110) pole figure of a final annealed 3% Si-Fe sheet. 
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FIG. 3. (110) pole figures of final cold rolled 3% Si-Fe sheets, (a) At the surface; (b) at the surface; (c) at the center. 
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FIG. 4. TEM images of final cold rolled sheets annealed 3% Si-Fe sheet, 
(a) At the center; (b) at the surface. 

possible the avoidance of the high cost final treatment when 
the sheets will not produce good final properties. 

In order to understand the above relationship, the grain 
orientation and the microstructures of the final cold rolled 
and the annealed sheets are investigated. Figure 2 shows the 
[110] pole figure in an annealed sheet, having 1.98 T. It 
proves that the annealed sheet has excellent (110) [001] tex- 
ture. Figures 3(a) and 3(b) shows the (110) pole figure of the 
surface of the cold rolled sheets, which have final B10 values 
of 1.98 T (specimen 1) and 1.84 T (specimen 2), respec- 
tively. Both of the specimens have (111)[112] texture but the 
cold rolled sheet of specimen 1 has more (110) [001] grains 
compared to the cold rolled sheet of specimen 2. This means 
that the cold rolled sheet of specimen 1 has a larger area 
covered with (110) grains than that of specimen 2. Figure 
3(c) shows the (110) pole figure of the final cold rolled sheet 
of specimen 1, obtained in the middle of the specimen by 
removing top surfaces by chemical etching (40 fjm final 
thickness). At the center region, the cold rolled sheet of 
specimen 1 has a (111) [112] texture, which is also found in 
specimen 2, and a very low fraction of (110)[001] grains 
compared to the top surfaces. 

Figures 4(a) and 4(b) show the TEM images of the cold 
rolled sheets of specimen 1, which are taken in the middle 
and top surface, respectively. In Fig. 4(a), a grain is aligned 
close to the [111] zone axis and the dislocation density is 
very high. At the center of the cold rolled sheet of specimen 
2, the grain orientation and the dislocation density are similar 
to specimen 1. In Fig. 4(b), there exist two grains; one is 
aligned close to [111] (representing region A) and the other 
close th the [110] zone axis (representing region B). It is 
difficult to quantize the dislocation density of these severely 
deformed structures because the deformed sheets are relaxed 

and continuously change the orientation in their TEM speci- 
mens. This makes it too difficult to apply two beam diffrac- 
tion analyses. In spite of the dislocation density quantization 
problem, it clearly shows that the dislocation density of re- 
gion A is much higher than that of region B. In specimen 2, 
(110) grain was not found due to (111) [112] preferred ori- 
entation and (111) grains also have very high dislocation 
density. 

The magnetic easy axis of 3% Si-Fe sheets is located in 
the [001] direction.9 This means that (110) [001] structures 
could be easily magnetized in the longitudinal direction com- 
pared to the (111) [112] structures. There is a significant 
portion of (110) grains at the surface of the final cold rolled 
sheet, specimen 1, with high ß10 as shown in Fig. 3(a). Ad- 
ditionally, the dislocation density of (110) grains at the sur- 
face of specimen 1 is quite low as shown in Fig. 4(b). These 
two factors make specimen 1 have higher magnetization in 
cold rolled sheets, taking into account that the middle of the 
sheet with high dislocation density contributes little to 
ß10. Therefore, the (110) grains of the cold rolled sheets are 
expected to be the dominant factor deciding the magnetiza- 
tion. And the (110) grains also act as seeds for tertiary grain 
growth. Therefore, specimens having high magnetization 
values will show high Bw values after final annealing. This 
relation between B10 values of the cold rolled and the final 
annealed sheets gives a critical guideline to predict the mag- 
netic properties after the tertiary recrystallization. 

IV. CONCLUSION 

Thin gauged 3% Si-Fe sheets show excellent soft mag- 
netic properties after tertiary recrystallization. It was found 
that high B10 values of final cold rolled sheets result in high 
Bl0 values in final annealed sheets. From pole figure and 
TEM analyses it was shown that the final cold rolled sheets 
with high B10 had a significant portion of (110) grains having 
low dislocation density at the surface, while a portion of 
(110) grains in the cold rolled sheets with low Bl0 was small. 
At the center of both cold rolled sheets, on the other hand, 
grains are aligned close to the [111] zone axis and had a very 
high dislocation density. Thus, the difference in amount of 
(110) surface grains results in the different magnetic proper- 
ties of the final cold rolled sheets. These (110) grains are 
known to be nuclei for a tertiary recrystallization. Therefore, 
the final magnetic properties of the thin gauged Si-Fe sheets 
are determined by the portion of (110) grains with low dis- 
location density. On the basis of the above argument, the 
final magnetic properties of the thin gauged Si-Fe sheets can 
be predicted by the B10 values of the final cold rolled sheets. 
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Local distribution on magnetic properties in grain-oriented silicon 
steel sheet 

Masato Enokizono and Ikuo Tanabe 
Faculty of Engineering, Oita University, 700 Dannoharu, Oita 870-11, Japan 

Takeshi Kubota 
Steel Research Laboratories, Nippon Steel Corporation, 20-1 Shintomi, Futtu, Chiba 293, Japan 

Grain-oriented silicon steel is the most important soft magnetic material used as core material of 
large transformers, large rotating machines, and pole transformers. Total loss of grain-oriented 
silicon steel tends to become lower with an increasing degree of texture. However, the material 
which has a higher degree of texture ordinarily contains larger grains, and the materials which have 
larger grains show higher total loss due to increased eddy current loss. As the gauge is reduced, the 
rate of decrease in total loss becomes lower for the thinner gauge due to increased hysteresis loss. 
However, the investigation of local magnetic properties due to grain situation in this sheet was not 
discussed from the viewpoint of the distribution of localized magnetic properties, for example, iron 
loss, hysteresis loop, behavior H vector (magnetic field strength) and B vector (Magnetic flux 
density). This paper describes the distribution of magnetic properties in high oriented silicon steel 
sheet, which are loss, hysteresis loop, and locus of field strength. © 1998 American Institute of 
Physics. [S0021 -8979(98)34911 -7] 

I. INTRODUCTION 

Magnetic properties in electrical steel sheets are usually 
measured by using the single sheet tester or the Epstein's 
tester in order to evaluate the materials. In these measure- 
ments, the permeability is estimated as a scalar value, that is, 
the relationship between the magnetic flux density B and the 
magnetic field intensity H in only the rolling direction. 
Therefore, the measured property represents an average 
value in the specimens. However, it is well known that the 
local distributions of B and H are not uniform in grain- 
oriented silicon steel sheet. These phenomena are closely 
related to not only the magnetic properties, but also the local 
loss distributions. Thus it is necessary to measure the local B 
and H as vector valuables and to estimate the local iron 
losses with those vector relations in constructed cores. We 
have measured the two-dimensional magnetic properties in a 
grain-oriented sheet by using a small sensor which can be 

applied to the local measurement. The result shows the rela- 
tionship between the magnetic properties and the grain struc- 
ture in a specimen. 

II. MEASURING SYSTEM 

Figure 1 shows the measuring apparatus and the measur- 
ing points. The specimen used in the experiment was a grain- 
oriented 3% silicon steel sheet (23 ZH: 100mmX500mm 
X0.23 mm) without insulator coating. The distribution of the 
grain structure can be observed directly, using the sample 
sheet without insulator coating. The measuring points were 
distributed in a lOOmmXIOOmm area near the center of 
specimen and the total number of points were assumed to be 
143 as shown in Fig. 1. The points were defined with 13 
lines in the rolling direction (D-P) and 11 lines in the trans- 
verse direction (1-11). The yoke was also constructed with 
the grain-oriented steel sheet (23 ZH) as shown in Fig. 1. 
The number of lamination was equal to 7. 
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FIG. 5. The loci of B vector. 

Figure 2 shows the construction of the two-dimensional 
magnetic sensor.1'2 The sensor has two sets of double needles 
to measure the component of the flux density vector in each 
direction. The distance between the facing needles was equal 
to 15 mm. To absorb the vibration of the specimen, a spring 
was fixed inside the needles. This method, because making a 
hole array in the specimen is needless, is useful in compari- 
son with the conventional search-coil method. Furthermore, 
the field changes due to holes are prevented which expands 
the limit of measuring points. The double H coil was used in 
measuring the magnetic field intensity vector. The Hx coil 
was wound around a bakelite plate and the Hy coil was 
wound over the Hx coil with formal wire 0.04 mm in diam- 
eter. The area turns of the Hx coil and Hy coil were 22.5 and 
24.5 cm2, respectively. Figure 3 shows the measuring system 
in this experiment. The average flux density in the specimen 
was controlled to be 1.7 T in sinusoidal waveform by using 
the output signal from the B coil (1 turn) which was wound 
at the center of the specimen. The exciting frequencies were 
50 and 100 Hz, and the sampling frequencies were 20 and 50 
kHz, respectively. The output signals from the sensor were 
handled with a computer after passing through a digital os- 
cilloscope. 

III. RESULTS AND DISCUSSION 

Figure 4 shows the relationship between the B vector 
and H vector at each measuring point at cot = 90 degrees. As 
shown in this figure, almost all B vectors were parallel to the 
rolling direction of the specimen, but most H vectors were 
not parallel to the B vectors. This phenomenon influences the 
estimations of iron loss of the grain-oriented silicon steel 
sheet. It can be observed that the relationships between the B 
vector and H vector at each measuring position in the same 
grain were almost similar. Figures 5 and 6 show the loci of 
the B vector and H vector at each measuring position, re- 
spectively. Most loci of the B vectors were alternating, but 
some of the loci became a slender rotational shape. The loci 
of the H vectors were quite different from those of the B 
vectors, and the shapes were dependent on the grain size and 
its location. Figure 7 shows the loci of the B, H vectors and 
the hysteresis loop for the X, Y components at some mea- 
suring points. Because the measuring area of the sensor at 
each part was larger than the size of most grains, we could 
not measure the properties in each grain. However, we can 
discuss properties at most inner parts of grains or near the 
boundaries of grains. There were large differences in loci of 
H vectors at each position. The position D_05 was located 
near the boundary of the neighboring grains and the positions 
F_06 and O_07 were almost located in the comparatively 
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large grains. At £>_05 and F_06, the loci of H vectors were 
not parallel to the loci of B vectors, however, the loci of H 
vectors and B vectors at the 0_O7 position became nearly 
parallel. One can observe in Figs. 5 and 6 that the H vectors 
were not locally parallel to the B vectors. This phenomena 
can be caused by the two following reasons: The demagne- 
tizing field of each grain having different size and shape, 
influenced each other; there were a few very small grains, 
which were not consumed after recrystallization, in the large 

[W/kg] 

I"! 1.6 

-   1.4 

-   1.2 

-   0.8 

l °'6 
i 

1  0.4 

1 0.2 

So 
123456789    10   11 

FIG. 8. The local iron loss distribution. Exciting frequency is 50 [Hz]. 

grains whose deviation of the [100] direction from the rolling 
direction was small (F_06). To reduce the iron loss of the 
silicon steel sheet, it is necessary to remove such small 
grains that have the [100] direction different from the rolling 
direction. The changing rate of the loci of H vectors depend- 
ing on frequency was different at each position. It can be said 
that those differences in the shape of the hysteresis loops 
were obviously due to the difference in anisotropy at each 
grain. 

Figure 8 shows the local iron loss distribution in the 
specimen. The distribution was calculated with the values in 
both the rolling and transverse direction at each measuring 
position, and was illustrated with a linear interpolation. The 
result showed that the loss distributions were not uniform in 
the sample sheet due to the influence of the grain structure. 

IV. CONCLUSION 

In this paper, the local iron loss distribution measured by 
using a two-dimensional magnetic measurement sensor has 
been presented. The results showed that the distribution of 
iron loss and the field strength were not uniform in the 
sample sheet due to the influence of grain structure and its 
local anisotropy. Because the phenomena widely influence 
the efficiency of the transformer, the evaluation of such local 
magnetic properties is very important in improving the char- 
acteristics of grain-oriented silicon steel sheet. We intend to 
clarify the relationship between the local magnetic properties 
and the domain structure. 

'T. Kanada, M. Enokizono, and K. Kawamura, IEEE Trans. Magn. 32, 
4797 (1996). 

2M. Enokizono, M. Morikawa, K. Kawamura, and J. Sicvert, IEEE Trans. 
Magn. 32, 4989 (1996). 
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Anisotropy design in magnetic media: A micromagnetics study 
J. H. Kaufman, T. Koehler,a) A. Moser, D. Weiler, and B. Jones 
IBM Research Division, Almaden Research Center, 650 Harry Road, San Jose, California 95120-6099 

We have investigated the characteristics of model magnetic media using different strategies for the 
"anisotropy design." We modeled media with intragrain anisotropy oriented random in the plane of 
the media, random in 3D, and aligned along the track direction, and for a large range of anisotropy 
field Hk and intergranular exchange J. We report a possible scaling function which collapses data 
for all three geometries onto a single universal curve. The rescaled data were then analyzed along 
with the signal-and-noise functions from the various model materials. For any geometry, we find a 
relation between exchange and anisotropy which maximizes the signal-to-(media) noise function. 
© 1998 American Institute of Physics. [S0021-8979(98)33211-9] 

I. INTRODUCTION 

Magnetic storage media consists of thin hard granular 
magnetic films.1'2 By design these grains are granular and 
weakly coupled.3'4 One can conceive different "designs" of 
the magnetic anisotropy of these grains. Typically the easy 
magnetic axis is aligned in the plane of the film by use of 
appropriate underlayers and deposition temperature. How- 
ever, one can also allow the easy axis to be random in 3D or 
perhaps, through underlayer texture, to be oriented in the 
track direction. It is not clear, a priori, which is the best 
strategy to optimize the overall performance of a recording 
media. In this work we investigated the effect of anisotropy 
design on coercivity, and we report a universal scaling func- 
tion which relates coercivity to exchange, anisotropy, and 
saturation magnetization, for each of the different geom- 
etries. 

II. PROCEDURES 

The micromagnetics code used in this calculation was 
written by Koehler and Fredkin.5'6 The code uses quasi-static 
relaxation and a hybrid FEM-BEM method to determine the 
magnetic state of an arbitrary three dimensional object. The 
meshing algorithm creates quasi-random tetrahedral ele- 
ments of the three-dimensional object (film) to be investi- 
gated. Each of the tetrahedral elements is treated as an indi- 
vidual "grain." The exchange coupling, J, between grains 
may be varied along with the remnant magnetization, ms, 
and the direction and magnitude of the magnetocrystalline 
anisotropy field Hk. The calculation was done for a ' 'film'' 
with dimensions |x| = l/Ltm, |y| = 2/U,m, |z| = 200 A. This 
volume was divided into 2878 tetrahedral elements. For each 
of three anisotropy geometries, the microscopic parameters 
were varied over a range that produced coercivities and 
squareness typical of magnetic media. We used ms 

= 500(emu/cc), 7^ = 6000, 8000, 10 000, 12 000 (Oe), and 

varied the exchange, A, between 1.6X10 8 and 4.7 
X10~7 (erg/cm). The input to the model for exchange 
strength is in terms of the variable J which is dimensionless 
and model dependent. For a model using a simple cubic 
mesh, the corresponding constant, /*, is defined by3'4'7 

/* = 
2A 

4irmW 
(1) 

where a is the linear size of the mesh elements in cm. In the 
Koehler model / also sets an internal scale factor (/, = /) for 
the computation, and it determines the overall physical 
length scale (lp) for the meshed object, 

J= 
2A      I 2A 1 

4Trmi\lzJ     4Trmz
sa

2(2n2)     (2nl) (2) 

where (2n2) is the number of "effective" cubic elements 
which would fill the 2 X 1 (X .02) /wn slab using a cubic 
mesh. The number of tetrahedral elements is 5-6X the 
number of effective cubic elements. 

For each of these "materials," the coercivity was then 
measured by applying, and switching, an external field in 
small steps between 104 and -104 (Oe) in the x direction. 
The remnant magnetization and coercivities were obtained 
from the resulting M-H loops.8 

III. RESULTS AND DISCUSSION 

As expected, the coercivity was found to increase with 
Hk and decrease with increasing A.1"4'8'9 The squareness, 
S*, increases with A. We looked for a scaling function 
which would collapse the data (for all values of Hk, A, and 
for all anisotropy designs) onto a single universal curve. By 
superposition we expected this function Hc(J,Hk,...) to be 
linear in the anisotropy field and an effective exchange field. 
The scaling function obtained is shown in Fig. 1. The vari- 
ables are rescaled by 

"'Present address: DAS Devices, 1504 McCarthy Blvd., Milpitas, CA 95035. H? = yHc (3) 

0021-8979/98/83(11 )/6489/2/$15.00 6489 11998 American Institute of Physics 
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FIG. 1. Scaling function for coercivity of granular magnetic media. 

and 

Hf = y(Hk-a477msJ*), (4) 

where we use the more common /* defined above (J* dif- 
fers from J in the Koehler program by a scale factor). 

There is only one adjustable parameter, a in this rescal- 
ing. The dimensionless variable a represents the number of 
neighbors which contribute, on average, to the effective ex- 
change field. For the tetrahedral mesh 0<a<7. We find the 
data collapses onto the scaling function when a = A for both 
the random in plane and aligned in plane anisotropy geom- 
etries and a =6 for the 3D random anisotropy geometries. 
Note that in all cases the tetrahedral elements have the same 
number of geometric neighbors (6-7) and that the same geo- 
metric mesh is used in all of the calculations. The other 
(dimensionless) parameter, y, in the scaling function is a 
geometry factor defined by, y=mr/ms, the ratio between 
the remnant and saturation magnetization. For each of the 
geometries, y may be calculated exactly in the case of weak 
exchange and large Hk. For the case with anisotropy random 
in plane, 

-hi 
7T/2 2 

d0cos(6)=- = O.64. 
-ir/2 71" 

(5) 

For anisotropy distribution random in 3D, 

y=—       sm(e)dd\      d<pcos(<p)=-. (6) 
27T Jo J-nll l 

A similar analytic expression may be solved for the case 
with anisotropy aligned in plane using an elliptic distribution 
of easy axis directions. We created the anisotropy distribu- 
tion with a ratio of minor to major axes a/ft = 0.2 and ob- 
tained y=0.89. For a perfect orientation of Hk along X, 
alb = 0 and y= 1. 

For large Hk and small J, the rescaled data asymptoti- 
cally approaches H* = H*/3. Note that the scaling function 
does not intercept the origin (H* = H* = 0). The y intercept 
is determined by the shape anisotropy of the finite slab used 
in the calculation. We measured this separately by perform- 
ing an M-H loop with low Hc and large exchange and 
found Hf ape~ 220 (Oe). 

IV. CONCLUSIONS 

We found a universal scaling function to relate coerciv- 
ity to the microscopic parameters ms, Hk, and /. The func- 
tion applies in general for all possible designs of anisotropy 
(random in plane, random in 3D, and aligned in the track 
direction). In future work we plan to apply this scaling func- 
tion to the analysis of signal-to-noise data calculated from 
simulated data tracks using the same parameter space. This 
holds the promise of providing a recipe to optimize signal to 
noise as a function of microscopic parameters at any value of 
coercivity and for arbitrary geometry's of anisotropy. 

1H. N. Bertram, Theory of Magnetic Recording (Cambridge University, 
Cambridge, 1994). 

2K. E. Johnson, P. R. Ivett, D. R. Timmons, M. Mirzamaani, S. E. Lambert, 
and T. Yogi, J. Appl. Phys. 67, 4688 (1990). 

3J-G Zhu, IEEE Trans. Magn. MAG-27, 5040 (1991). 
4J-G Zhu and I. Beardslery, IEEE Trans. Magn. MAG-27, 3553, 5037 

(1991). 
5D. R. Fredkin and T. R. Koehler, J. Appl. Phys. 67, 5544 (1990). 
6T. R. Koehler and D. R. Fredkin, IEEE Trans. Magn. MAG-28, 1239 

(1992). 
7H. N. Bertram and J-G Zhu, Solid State Phys., Adv. Res. Appl. 46 (1992). 
8B. D. Cullity, Introduction to Magnetic Materials (Addison-Wesley, 
Reading, MA, 1972). 

9S. Chikazumi and S. H. Charap, Physics of Magnetism (Krieger, 1978). 
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A variational approach to exchange energy calculations in micromagnetics 
M. J. Donahue 
National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

This article presents a magnetization interpolation method for micromagnetic exchange energy 
calculations using a variational procedure to relax spins on a supplemental (refined) lattice. The 
approximations implicit in standard micromagnetic discretization schemes fail when angles between 
neighboring spins in the model become large, but the proposed approach effectively reduces the 
angle between neighboring spins, alleviating many of the associated problems. Moreover, this 
method does not introduce excessive discretization-induced vortex pinning observed with some 
large angle exchange energy formulations. This article includes details on proper post-interpolation 
exchange torque calculation, bounds on nearest-neighbor angles for interpolated lattices, a simple 
model predicting discretization-induced Neel wall collapse, and an example of a collapsed (1 cell 
wide) domain wall that can be restored by the proposed technique. [S0021-8979(98)33311-3] 

I. INTRODUCTION 

Many difficulties arise in micromagnetic simulations 
when angles between neighboring spins become large. None- 
theless, computational limitations often prevent many inter- 
esting micromagnetic problems from being discretized at a 
scale fine enough to resolve all the details of the magnetiza- 
tion structure. In particular, models of thin magnetic films 
often contain vortices and crossties with unresolved cores 
measuring only a few nanometers across. As discussed be- 
low, such undersampled core regions can collapse during 
model evolution into one cell wide 180° domain walls, even 
in settings where the Neel wall width is many cells wide. 
Once formed, these structures are stable, because they tend 
to be supported by magnetostatic and crystalline anisotropy 
fields, and the usual exchange energy formulation provides 
zero torque across 180° spins. One can introduce an ex- 
change energy formulation modified for large angles, but 
simple approaches result in strong artificial pinning of vorti- 
ces to the computation grid.1 

One solution to these problems is to base the exchange 
energy formulation on a continuous interpolation of the mag- 
netization that respects the constraint that the reduced mag- 
netization ||m|| = l. In this article, an interpolatory "supple- 
mental" lattice is introduced, and a variational procedure is 
used to relax the spins on this lattice to achieve a smooth 
interpolation. It is shown that a simple half-step interpolation 
suffices to avoid the aforementioned one cell wide 180° do- 
main walls, without introducing excessive false pinning of 
vortices. 

II. NEEL WALL COLLAPSE 

Figure 1 shows an example of a situation where an un- 
derresolved structure produces errors at a larger scale. This is 
a simulation of the first ,uMag standard problem,2 a 20 nm 
thick, 1 /imX2 /an rectangle of Ni80Fe20 (Ms=8.0 
X105 A/m, A=1.3X10-11 J/m, #„ = 500 J/m3). The weak 
uniaxial magnetocrystalline anisotropy is directed along the 
long axis of the film. The computation cells are 25 nm 
squares, 20 nm thick, with 3D spins. The exchange energy is 
given   by   the   eight-neighbor   dot   product   formula   Ei 

= (A/3)2n = 1(l-m,-m„), detailed in Ref. 1, though similar 
results are obtained using the more common four-neighbor 
expression. The magnetostatic fields are calculated via an 
FFT-based scalar potential method on an offset grid, de- 
scribed in Ref. 3. The magnetization is relaxed using heavily 
damped Landau-Lifshitz-Gilbert equations of motion. For 
more details on the calculation technique, see Ref. 4. 

The configuration in Fig. 1 is the relaxed state just past 
the coercive point, after saturation to the left along the long 
axis of the film. The 180° domain wall in the lower right- 
hand portion of Fig. 1 was formed in an intermediate (non- 
relaxed) state as part of a vortex+crosstie pair. The vortex 
drifted upward (behind the inset, but symmetric with the vor- 
tex in the opposite corner), and the crosstie flattened out into 
the observed 1-cell wide domain wall. It is difficult to predict 
how wide this wall should be, given the restricted spatial 
dimensions and the complicated magnetic structure, but one 
certainly expects it to be wider than a single 25 nm cell. 

Figure 2 presents a simple illustrative ID model of a 
coarsely discretized Neel wall. (See Refs. 5 and 6 for more 
on ID wall models, and Ref. 7 for a numerical study of 2D 
wall structures.) In this 4 cell model, each cell is a constant 
magnetization region, infinite along the v axis, with width a 

-*•-»■ sr-r-»•-»•-►■-■». \ \ \ \ \ 
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FIG. 1. Simulation results of the fjMag first standard problem, using 25 nm 
square, 20 nm thick calculation cells (4X4 subsample). This is a relaxed 
state with an applied field of fi0H=4.5 mT directed towards the right. The 
inset displays all the calculation spins in the dashed box region, showing a 
collapsed Neel wall. 
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FIG. 2. Illustration of a simple ID model to study discretization-induced 
Neel wall collapse. The outer spins mt and m4 are fixed and antiparallel. 

as shown, and a thickness t small enough to force the spins 
to lie in the xy plane. Material parameters are saturation 
magnetization Ms and exchange constant A. Magnetocrystal- 
line anisotropy is ignored. The outer spins «j and m4 are 
held fixed and antiparallel as shown, while the inner spins 
m2 and m3 are allowed to rotate, with 0 denoting the angle 
between the inner spins and their outside neighbor. We make 
the simplifying assumption that the inner spins are symmet- 
ric about the midpoint, as illustrated, because then there are 
no free poles along the center line, greatly reducing the mag- 
netostatic energy. (This alignment of the center of a Neel 
wall between discretization nodes is observed in practice.) 
We also assume that 0<9O°. 

Magnetic poles collect along the infinite strip between 
the two leftmost cells, and between the two rightmost cells. 
This produces a field at spin m2 that acts against the ex- 
change torque produced on m2 from m3. If we include the 
exchange torque at m2 from m,, and solve for 0 torque, we 
find a unique energy minimum at 

sec 0=2- 
/j,0a2 M2 {arctm(t/a)+ arctan[t/(3 a)]} 

2 A TT 

provided the right-hand side is >1. Note that as a—>0, 0 
—>60° as expected. If the right-hand side is =£1, then the 
antiparallel state (0=0) is the only stable configuration, and 
the Neel wall collapses completely. If Ms, A, and t are 
fixed, then for a sufficiently large the wall will collapse. For 
a Ni80Fe20 film with f = 20nm, this works out to a larger 
than about 7.1 nm, lending credence to the conjecture that a 
mechanism of this sort is responsible for the wall collapse 
observed in Fig. 1. 

It seems likely that the under-resolved crosstie formed 
during the evolution to the relaxed state of Fig. 1 produces a 
local condition not unlike that modeled in Fig. 2, and seeds 
the collapse of the entire wall. A similar situation can also 
arise through grid refinement. 

Regardless of its origins, the observed Neel wall col- 
lapse is made possible by the disappearance of the exchange 
torque in the antiparallel state. One can try a modified ex- 
change field formulation appropriate for large angles, but 
simple attempts yield unacceptably strong vortex pinning.1 

More sophisticated interpolations of m between grid points 
are made difficult by the apparent importance of the \\m\\ 
= 1 constraint, and the need to produce an interpolation that 
is consistent across neighboring discretization cells. 

A different approach is to interpolate the coarse grid 
spins ml,...,mN with adifferentiable function m(x,y,z) that 
minimizes the variational integral 

■-4 E(m) = A\ (Wmxy+(Vmy)z + (Vmz)
zdV, (1) 

subject to some constraints. A discrete version of this is de- 
veloped in the next section. But let us first examine how 
large an interpolated spin angle can be. As a simple estimate, 
suppose we are trying to align an interpolating spin m be- 
tween neighboring spins mx,...,mn. Consider all of these 
spins as points in S2, the unit sphere in R3. If the angle 
between wand spin m,- is to be less than 9, then mmust lie 
outside the circular disk symmetrically opposite to m, on S2 

with diameter 2TT-26. The area of such a disk is 27r(l 
+ cos 0). This is true for each /, so if the total area of n such 
disks is less than the total area of the sphere, then there exists 
a m that is no farther than 0 from each of the spins 
ml,...,mn. Solving for 0we find 0=5 arccos(-l+2/n). As 
an example, if we are trying to fit m between four fixed 
spins, then there is a direction for m that is at most arccos 
(-1+2/4)= 120° from each of the fixed spins. 

III. THEORY 

We now develop a discrete analog to (1). Given the 
coarse grid spins m—{ml,...,mN), we want to find interpo- 
lating spins 50= (mi ,...,»&) solving 

minF(m;in)    subject to <£>(ih) = 0, 
m 

(2) 

where <& = ((f>k) is a collection of constraints, k= \,...,K. (In 
Sec. IV we will use <^t(5|) = ||»%||— 1.) We will assume that 
both the objective function F and the constraints are differ- 
entiable. 

Let us assume for the moment that the interpolated spins 
in are differentiable with respect to m, and use the extended 
discretization set (m,m) to evaluate the exchange energy 
jE(m) = Z£m,5(in)]. 

To relax our solution over m, whether by integrating the 
Landau-Lifshitz-Gilbert equations, or through direct energy 
minimization, we needed to know dEldm: 

dE N       ,7; dE    ^    dEdrrij 

dmi    dnii    j=\drhjdmi' 
(3) 

We have only an implicit relation for min terms of m, so the 
last term above is difficult to evaluate. However, suppose we 
use £as the objective function F in (2). It follows from the 
theory of Lagrange multipliers that if (d(f>k/dfhj)kj has full 
rank K<N, then at a local minimum in we can write dEldm 
as a linear combination of d(j)kldm, i.e., 

~        K N ~ 
dE      dE     „       „   d(j)kdmj 

dntj    drrij    k=i    kj=\  drhjdmj' 

If the constraints $ are independent of m, then the last sum 
is zero, and we get the simple relation 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Michael J. Donahue 6493 

dE(m)    ^m,n(m)] 

dm dm 

The one difficulty is that we cannot guarantee the differ- 
entiability of in with respect to m. More work needs to be 
done to identify and handle those spin configurations for 
which differentiability is lost, but in practice such occur- 
rences appear to be relatively uncommon. 

IV. RESULTS AND CONCLUSIONS 

To test this interpolation technique, we introduced a 
supplemental lattice to the simulation described in Sec. II. 
The supplemental lattice interpolated the main grid at half 
the cell dimension, i.e., with 12.5 nm square cells. The eight- 
neighbor dot product exchange energy formulation was mini- 
mized to determine the spins on the supplemental lattice 
(holding fixed the spins on the original lattice), subject to the 
constraint ||m||=l for all spins. (For this initial study, we 
employed a simple gradient descent minimization algorithm, 
which required computation time comparable to that of the 
demagnetization calculation. We expect a sophisticated mini- 
mization algorithm will be much faster.) The refined lattice 
is used only for the exchange energy and exchange torque 
calculations. 

The magnetization configuration in Fig. 1 is not a stable 
state under the new scheme, but using it as an initial state 
and allowing the simulation to evolve to a new energy mini- 
mum yields Fig. 3. Note that the interpolation has allowed 
the crosstie to reform, and the domain wall is now a resolved 
Neel wall. These results are similar to those obtained using 
the standard exchange scheme and a "real" refinement with 
12.5 nm cells. Conversely, using the proposed method the 
Neel wall does not collapse even with 50 nm cells (and a 25 
nm supplemental lattice). 

As another test, we repeated the vortex pinning simula- 
tions detailed in Ref. 1, and found no increase in the vortex 
pinning field. 

"**"**-**.**,* s s s 

Jf Jf Jf *v X. ^ **. *~ 

t   t   t   //»VWWWV 

FIG. 3. Simulation results using the described interpolation technique, with 
Fig. 1 as the initial state (/J,0H=4.5 mT). The collapsed wall in that figure 
has expanded into a crosstie and a resolved Neel wall. 

It is important to distinguish this interpolation technique 
from a straightforward grid refinement. In the proposed tech- 
nique the interpolated spins affect only the exchange energy, 
and at each step the interpolated spins are relaxed completely 
to an exchange energy minimum (holding fixed the spins on 
the coarse mesh). Because of this, the angle between neigh- 
boring spins on the refined mesh cannot collapse to 180°, as 
described in Sec. II. Instead, this technique effectively pro- 
duces an exchange energy formulation that does not break 
down in the case of large angles between neighboring spins, 
yet does not increase vortex pinning. 

'M. J. Donahue and R. D. McMichael, Physica B 233, 272 (1997). 
2 Round-robin results for a 2 X 1 X .02 /ttm Ni8oFe20 computational problem 

are available at http://cobalt.nist.gov/mumag/probl/problreport.html 
3D. V. Berkov, K. Ramstöck, and A. Hubert, Phys. Status Solidi A 137, 

207 (1993). 
4R. D. McMichael and M. J. Donahue, IEEE Trans. Magn. 33, 4167 

(1997). 
5A. Aharoni, J. Appl. Phys. 37, 3271 (1966). 
6W. F. Brown, Jr. and S. Shtrikman, Phys. Rev. 125, 825 (1962). 
7K. Ramstöck, W. Härtung, and A. Hubert, Phys. Status Solidi A 155, 505 

(1996). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Hysteresis loop areas in kinetic Ising models: Effects of the switching 
mechanism 

S. W. Sidesa) and P. A. Rikvold 
Center for Materials Research and Technology and Department of Physics, and Supercomputer 
Computations Research Institute, Florida State University, Tallahassee, Florida 32306-4130 and Colorado 
Center for Chaos and Complexity, University of Colorado, Boulder, Colorado 80309-0216 

M. A. Novotny 
Supercomputer Computations Research Institute, Florida State University, Tallahassee, Florida 32306-4130 

Experiments on ferromagnetic thin films have measured the dependence of the hysteresis loop area 
on the amplitude and frequency of the external field, A=A(H0,(ü), and approximate agreement 
with numerical simulations of Ising models has been reported. Here we present numerical and 
theoretical calculations of A in the low-frequency regime for two values of H0, which bracket a 
temperature and system-size dependent crossover field. Our previous Monte Carlo studies have 
shown that the hysteretic response of the kinetic Ising model is qualitatively different for amplitudes 
above and below this crossover field. Using droplet theory, we derive analytic expressions for the 
low-frequency asymptotic behavior of the hysteresis loop area. In both field regimes, the loop area 
exhibits an extremely slow approach to an asymptotic, logarithmic frequency dependence of the 
form A« -[ln(//0w)]_1. Our results are relevant to the interpretation of data from experiments and 
simulations, on the basis of which power-law exponents for the hysteresis-loop area have been 
reported.   © 1998 American Institute of Physics. [S0021-8979(98)23811-4] 

When a ferromagnet is subject to an oscillating external 
field, H(t) = H0 sin cot, the time-dependent magnetization, 
m{t), typically lags behind the field. The area of the resulting 
hysteresis loop, A=—§m(H)dH, equals the energy dissi- 
pated per period. It is therefore frequently measured in stud- 
ies of periodically driven magnetic systems. Recent experi- 
ments on ultrathin ferromagnetic films,1'2 as well as 
numerical simulations of two-dimensional Ising models,3-6 

have been interpreted in terms of a low-frequency power 
law, Aa:HQCob, with a range of exponent values having been 
reported.4"6 This interpretation is not fully consistent with 
the fluctuation-free mean-field result,7'8 A=A0 

+ const[co2(//Q —//2p)]
1/3 with positive constants A0 and 

Hsp, which has been successfully applied to analyze experi- 
ments on ultrathin films of Co on Cu(OOl).9 Nor does the 
single power-law dependence agree with the logarithmic de- 
pendence expected if thermally activated nucleation is the 
rate-determining process.10-12 Here we present analytical and 
numerical results that indicate a resolution of this puzzling 
situation. 

Theoretical arguments and numerical simulations reveal 
parameter regimes in which, following instantaneous field 
reversal, a uniaxial single-domain ferromagnet switches to 
the stable magnetization direction via two distinct mecha- 
nisms. This magnetization reversal occurs either by nucle- 
ation of a single critical droplet of the stable phase [the 
single-droplet (SD) regime] or by simultaneous nucleation 
and growth of many critical droplets [the multi-droplet (MD) 
regime].12-14 The SD (MD) regime corresponds to weaker 
(stronger) fields and/or smaller (larger) systems. In this ex- 
tension of our previous studies of hysteresis,15 we present 

analytical and Monte Carlo results for the hysteresis-loop 
area for a kinetic Ising model at low frequencies; both in the 
SD regime and in the MD regime. The derivations are based 
on time-dependent extensions of classical homogeneous 
nucleation theory and "Avrami's law" for the decay of a 
metastable phase.16 For both decay mechanisms, we show 
how an extremely slow approach of A to an asymptotic loga- 
rithmic dependence on H0CD as w—>0 gives "effective expo- 
nents" which superficially appear to describe a power law, 
even for data extending over several decades in frequency. 

The model used here is a kinetic, nearest-neighbor Ising 
ferromagnet on a square lattice with Hamiltonian 
M= — J^^siSj — H{t)^isi and periodic boundary condi- 
tions. Here s,= ±l are the local spin variables, 2^ runs 
over all nearest-neighbor pairs, and 2; runs over all N=L2 

lattice sites. The ferromagnetic exchange coupling is 7>0, 
and H(t) is a time-dependent external field. The dynamic is 
the Glauber single-spin-flip algorithm, with updates at ran- 
domly chosen sites. It is defined by the spin-flip probability 
W(si^-si)= exp(-/3A£,)/(l-t-exp(-/?A£,)), where AEt is 
the change in the energy of the system if the spin flip is 
accepted, and ß~l = kBT is the temperature in energy units. 
Time is given in units of Monte Carlo steps per spin 
(MCSS). The average lifetime, (T(\H\)), of the unfavorably 
magnetized phase in a static field of magnitude \H\ is de- 
fined as the average time it takes the magnetization to reach 
zero, following instantaneous field reversal. The frequency, 
a), of the applied sinusoidal field, is chosen by specifying the 
ratio R = (2TT/W)/(T(H0)). 

Electronic mail: sides@scri.fsu.edu 
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FIG. 1. Low-frequency hysteresis loops from simulations of a kinetic Ising 
model. For both regimes five loops are shown, representing short portions of 
the entire simulation time series, (a) Loops from the single-droplet (SD) 
regime, using H0 = 0.\ 7 at a scaled frequency of 1/Ä = 0.01. (b) Loops from 
the multi-droplet (MD) regime, using H0 = 03 J at a scaled frequency of 
\IR = 0.005. 

We initially prepare a system of size L=64 at T 
= 0.STc with all spins down, i.e., ra(0)= -1. Then the sinu- 
soidal field H(t) = H0sino)t is applied, and m(t) is recorded 
for a fixed number of MCSS, nmax. For the simulations in 
the SD regime, the field amplitude is H0 = 0.1 J (which gives 
(r) = 2058 MCSS) with nm&= 16.9X 106 MCSS. For the 
MD regime, the amplitude is //0 = 0.3 J (which gives (T) 

= 75 MCSS) with nmax=5.9X 105 MCSS. For the values of 
L and T used here, the crossover field [called the Dynamic 
Spinodal14 (DSP)] between these two regimes is //DSP 

«0.11 J. For large systems HDSP vanishes slowly with L as 
7/DSp(L)~(lnL)~1/(rf_1). Figure 1 shows representative hys- 
teresis loops from simulations in both the SD and MD re- 
gimes. The large relative fluctuations in the loop area in Fig. 
1(a) indicate the stochastic nature of the switching mecha- 
nism in the SD regime.17 The relative fluctuations in the loop 
area are smaller in the MD regime [Fig. 1(b)]. The stochastic 
nature of magnetization reversal in the SD regime allows one 
to treat the switching as a variable-rate Poisson process. For 
low frequencies, this variable switching rate is the system 
volume times the nucleation rate obtained from classical 
droplet theory, 

LdI{H(t),T)*Ld\H(t)\Kexp 
EoCO 

\H(t)\ d-\ (1) 

where d is the spatial dimension of the system, and K and 
Ho(r) are known from theory and simulations.13'14 The 
quantity Uo(T) is the field-independent part of the free- 
energy cost of a critical droplet, divided by kBT. The time 
dependence of the nucleation rate enters solely through H{t). 
Using Eq. (1) one can derive an expression for the cumula- 
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FIG. 2. Log-log plot of (A)/4H0 vs 1/R in the SD regime. The solid curve 
is obtained from the numerical solution of Eq. (2), the derivation of which is 
outlined in the text. The dashed line segments represent linear least-squares 
fits to different portions of the numerical solution data. The data that yield 
the effective exponent b = 0.096, are centered around log(lAR) = -2.05; 
those that yield 6 = 0.033 are centered around log(l//?)= - 13.38. The two 
solid dots are MC simulation data. The vertical lines are not error bars; they 
represent the standard deviation of the loop-area distribution. 

tive probability that a switch has taken place by time t, 
F{t)P The median switching time, ts, is given by F(ts) 
= 1/2. To obtain an analytic result we use the low-frequency 
approximation H(t)^H0ü)t. Then the median switching 
field, Hs=H0cots, is given by the solution of the equation, 

e, 
ln2 = p0- 

ifä-i-a d-l 

H«+\d- \)o> 

xr l- K+d    Hr 

d-l'H*.-1, 
(2) 

where T(a,x) is the incomplete gamma function, and p0 is 
the switching rate in a static field of magnitude H0, which 

17 has been measured in field-reversal simulations. 
Due to the square shape of the hysteresis loop in both 

regimes, the loop area is given by {A)/4H0^meqHs(a))/H0, 
where meq is the spontaneous zero-field magnetization. Fig- 
ure 2 is a log-log plot of the hysteresis-loop area versus the 
frequency, IIR, in the SD regime. The solid curve is calcu- 
lated by numerical solution of Eq. (2) with d=2, K=3, 
Eo = 0.506192 /, and p0 = 6.62XlO~4 MCSS"1. Hence, 
this calculation involves no adjustable parameters. The solid 
dots are data from MC simulations. Each of the two dashed 
lines is obtained from a linear least-squares fit to the numeri- 
cal solution for the loop area over nearly four decades in 
frequency. The effective exponents obtained from this fitting 
procedure appear valid over a frequency range that would be 
considered large from the viewpoint of experiments or even 
simulations. Over a very large frequency range however, the 
effective exponent depends on the frequency range in which 
data are analyzed. Expanding T(a,x) in Eq. (2) for large 
values of x = a0/Hd~1 gives the asymptotic low-frequency 
result (A)SDoc-[ln(//0co)]-1/(d-1). 

The details of the theoretical derivation of the loop area 
in the MD regime are different than in the SD regime. How- 
ever, two basic features are the same: the form of the time- 
dependent nucleation rate, I(H(t),T) from Eq. (1), and the 
linear approximation for the field used to obtain asymptotic 
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FIG. 3. Log-log plot of (A}/4H0 vs MR in the MD regime. The solid curve 
is obtained from a full numerical integration of the time-dependent 
Avrami's law result for m(t), using a sinusoidal field, H(t) = H0 sin ait. 
(This calculation could not be extended to lower frequencies than those 
shown due to numerical difficulties.) The dotted curve is obtained from a 
numerical solution of an analytic expression whose derivation uses a linear 
approximation for the field, H(t)^H0cot. The solid dots represent MC 
simulations. The vertical bars denote the standard deviation in the loop-area 
distributions as in Fig. 2. The dashed curve represents the SD result (the 
solid curve in Fig. 2) after reseating so that the SD and MD results may be 
compared. 

analytic results for very low frequencies. Figure 3 is a log- 
log plot of the hysteresis-loop area versus IIR in the MD 
regime. The solid curve results from a full numerical inte- 
gration (NI) of an analytic expression for m{t), obtained 
from Avrami's law,16 with the sinusoidal form of H(t). The 
dotted curve results from a numerical solution (NS) of an 
analytic expression obtained from a linear approximation for 
H(t), as for the SD regime. The transcendental equation that 
must be solved is analogous to Eq. (2), but contains a sum of 
three incomplete gamma functions.17 The MC data (solid 
dots), NI and NS results are in excellent agreement. For d=2 
and extremely low frequencies, an asymptotic expansion of 
the analytic expression used to obtain the NS result gives 
(^)MDGC_[ln(^ow)]~1- As in the SD case, from a log-log 
plot of the loop area versus frequency one can extract effec- 
tive exponents from the data over nearly two decades in 1/R. 
However, these effective exponents depend strongly on the 
frequency range in which the fit is performed. Similarly, if A 
is plotted vs -[ln(H0w)]_1 as in Ref. 10, the slow crossover 
will result in a significant overestimate of the asymptotic 
exponent l/(d—l). 

A change from MD to SD behavior should appear not 
only as H0-^HDS?, but for finite systems it should be ob- 
served when a becomes sufficiently low that HS<HDSP(L). 
The frequency of this crossover should be given by the in- 
tersection of the results for the loop areas in the SD and MD 
regions. The dashed curve in Fig. 3 represents the solid curve 
in Fig. 2, which has been rescaled so that the two results may 
be plotted together. The value of the loop area at the inter- 
section is that of a loop with HS^HDSP(L). While m{t) and 
A do not depend on system size in the MD regime, A in the 

SD region, and hence the location of the crossover, depends 
on L. 

In conclusion, we have shown that the hysteresis-loop 
areas for kinetic Ising ferromagnets driven by oscillating ex- 
ternal fields vanish logarithmically with HQw for asymptoti- 
cally low frequencies. This result should be valid for all 
fields and temperatures such that magnetization switching 
proceeds via a homogeneous nucleation-and-growth 
mechanism,10'" in particular for both the single-droplet and 
multidroplet regimes considered here. For both of these re- 
gimes we stress that the asymptotic low-frequency behavior 
would only be seen for extremely low frequencies. For fre- 
quencies in a more "realistic" range, we find a wide cross- 
over, extending over many decades in frequency. Power law 
fits to the loop areas over as much as four frequency decades 
give good agreement within the fitting range, but the result- 
ing effective exponents depend strongly on the fitting inter- 
val. We believe our results are significant to the interpreta- 
tion and comparison of results from experimental1,2'9 and 
numerical4-6 studies of hysteresis in ferromagnetic systems, 
in which power-law dependences of the loop areas have been 
reported with a variety of exponents. 
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Domain-wall motion in random potential and hysteresis modeling 
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Two different approaches to hysteresis modeling are compared using a common ground based on 
energy relations, defined in terms of dissipated and stored energy. Using the Preisach model and 
assuming that magnetization is mainly due to domain-wall motion, one can derive the expression of 
magnetization along a major loop typical of the Jiles-Atherton model and then extend its validity 
to cases where mean-field effects and reversible contributions are present. © 1998 American 
Institute of Physics. [S0021-8979(98)39311-l] 

I. INTRODUCTION 

The Preisach1 and Jiles-Atherton2 models are two 
widely used approaches to the description of magnetic hys- 
teresis. They have been applied to a wide range of static and 
dynamic conditions, ranging from the solution of circuits 
containing hysteretic components to microstructural 
analysis.3"5 Their physical significance can be best appreci- 
ated when modeling features are reduced to fundamental en- 
ergetic aspects, and this result is particularly helpful in the 
clarification of the relations between different approaches to 
hysteresis modeling. In this paper, we show that by referring 
to fundamental energy relations, which can be used to de- 
scribe the models in terms of stored and dissipated energy, 
one is able to derive the fundamental expression of magne- 
tization laws of the Jiles-Atherton model by applying a 
physically meaningful set of assumptions to the Preisach 
model. 

When work is performed by external sources on a sys- 
tem displaying hysteresis, part of the energy is stored and 
part is dissipated. This energy balance can be described us- 
ing a model which takes into account a minimum set of 
relevant physical quantities. Considering, for example, a ho- 
mogeneous magnetic system and assuming, for the sake of 
simplicity, that the bulk magnetization M is aligned to the 
applied magnetic-field Ha, the general expression for the 
balance between stored and dissipated energy can be ex- 
pressed as 

- fiQMdHa= dg+SQ, (1) 

where dg corresponds to the change in free energy per unit 
volume and SQ is the dissipated energy term. In this paper, 
we show how one can express the terms of Eq. (1) with 
quantities easily recognized in each of the modeling 
schemes, and furthermore, how this can be used as a com- 
mon reference for the quantitative comparison of the Jiles- 
Atherton and Preisach models. 

II. JILES-ATHERTON MODEL 

In the case of the Jiles-Atherton model, it is assumed 
that the free-energy term dg of Eq. (1) can be expressed in 
terms of the anhysteretic curve Mm(Ha); the idea is that the 
energy supplied coincides with the change in magnetostatic 
energy in the absence of hysteresis: 

dg=-/j,0MaadHa. (2) 

The other term of Eq. (1), 8Q, corresponding to the dissi- 
pated energy, will be the difference between the energy sup- 
plied and the change in magnetostatic energy. This can be 
taken to be proportional to the change in magnetization, 

SQ = ß0kdM, (3) 

since dM can be thought to be proportional to the number of 
pinning sites seen by a moving domain wall; and each pin- 
ning event giving rise to Barkhausen jump, when integrated 
over the entire specimen, will produce a dissipation contri- 
bution proportional to the pinning site density k. The dissi- 
pation is always positive, that is, there can be loss of energy 
only, and therefore, in Eq. (3) and the subsequent analysis it 
is implicitly assumed that dM is positive. The equations can 
easily be modified to take into account a negative dM. Using 
these assumptions, Eq. (1) becomes then, 

- fM0MdHa= - fjbQMMldHa+ fi0kdM, (4) 

which can be directly written as 

dM _Mw(Ha)-M(Ha) 

dH„ k 
(5) 

a)Electronic mail: pasquale@ien.it 

which is the simplest expression of the basic magnetization 
law of the Jiles-Atherton model2 in the absence of an inter- 
nal coupling field. 

III. PREISACH MODEL 

In the Preisach model, hysteresis is described starting 
from the hypothesis that a free-energy profile characterized 
by multiple local minima and metastable states can be de- 
composed into a set of many elementary bistable contribu- 
tions. Each bistable unit can occupy one of two states, which 
we shall call (+) and (—) states and is characterized by two 

0021 -8979/98/83(11 )/6497/3/$15.00 6497 © 1998 American Institute of Physics 
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fields hc and hu, respectively proportional to the height of 
the barrier separating the (+) and (-) states and to the en- 
ergy difference of the (+) and (-) states. The basic relation 
of the magnetization in the Preisach model is 

M = 2M 
f°° fb(hc 

s\   dhc\ 
Jo       Jo 

dhup(hc,hu), (6) 

obtained by integration on the plane defined by the ensemble 
of bistable units. The integration upper limit b(hc) consists 
of a chain of segments of alternating slope dbldhc= + 1 and 
dbldhc--\ generated by the past field history. This line 
defines the partition of the Preisach plane in only one (+) 
and one (-) region.1 In the case of the saturation loop branch 
with peak-field Ha, b{hc) becomes simply Ha-hc, a seg- 
ment of slope dbldhc=-\. The physical meaning of the 
Preisach model emerges clearly when one considers the 
properties of domain walls (DW) moving in this complex 
energy profile, which is rich in metastable states. It has been 
proved6 that the hysteresis properties of a DW moving in a 
Wiener-like pinning field profile can be described by the 
Preisach hysteresis model, where the Preisach distribution 
p(hc,hu), weighting the elementary contributions, is propor- 
tional to 

p(hc,hu)<x&x]?(-hc/k), (7) 

independent of hu where k describes the statistical properties 
of the pinning field. This result pertains to indefinite wall 
motion and contains no description of magnetic saturation. 
Saturation can then be taken into account by modifying Eq. 
(7) into 

p(hc,hu)ccu(hc)v(hu), (8) 

where the v function is an integrable even function of hu. 
This generalization corresponds again to the physical picture 
where stored energy (represented by the hu variable) and 
dissipated energy (represented by hc) can be factorized as 
u(hc)v(hu) for a proper description of the system. 

In the case of a saturation loop branch, by applying Eq. 
(8) to Eq. (6) for the calculation of the saturation loop 
branch, one will obtain a relation identical to the Jiles- 
Atherton hysteresis model2 where the integral of v(hu) co- 
incides with the anhysteretic curve. This curve represents the 
nondissipation limit of the magnetization process, and it can 
be obtained for any value of applied-field Ha by applying an 
oscillating field history with decreasing peak amplitude in 
order to demagnetize the material in the bias field Ha. The 
anhysteretic curve is closely connected with the function 
v(hu). In fact, the upper integration limit b(hc) associated 
with the anhysteretic state assumes the particularly simple 
form b(hc)=Ha when the demagnetization is performed us- 
ing an arbitrarily large number of decreasing steps.1 In this 
case, Eq. (8) can be written as 

r<x rn 

Mw{Ha) = 2Ms\   dhc\   adhuu{hc)v{hu), (9) 
Jo       Jo 

and if the dissipation term is normalized so that 

dhcu{hc)=\, (10) 

the anhysteretic magnetization can simply be expressed as 

r H 

MJHa) = 2Ms\   adhuv{hu), (11) 
Jo 

and v(hu) must, therefore, be the derivative of Man with 
respect to hu rescaled by some constant. This result follows 
directly from the chosen factorization Eq. (7) of the Preisach 
distribution. Considering now the expression for magnetiza- 
tion of Eq. (6), one obtains an expression for dM, 

dM f °° dh 
dH~a

=2Ms)o  -Ye*P(-hc'k)v(Ha-hc), (12) 

that integrated by parts gives 

dM     1 
-jjr=j[Mm{Ha)-M{Ha)l (13) 

which demonstrates the actual equivalence between the Prei- 
sach and Jiles-Atherton models in the calculation of a satu- 
ration branch, under the hypothesis of DW dominance and 
saturation approach according to an anhysteretic law. The 
result in Eq. (13) can be used to clarify the equivalence 
through the direct comparison of the terms appearing in Eq. 
(1) derived from the two models, and to this end we will 
write Eq. (13) for later use as 

{iokdM = ti0MmdHa-fiQMdHa. (14) 

It has also been shown in Ref. 7 that through the Preisach 
operator of Eq. (6) one can obtain an expression for the terms 
SQ and g appearing in Eq. (1): 

SQ = 2ß0Ms     dhchcp[hc,b(hc)]Sb(hc) 
o 

(15) 

and 

g = 2/j,0M_ 
foe fb(hc 

: dhA 
Jo       Jo 

dhu(hu-Ha)p{hc,hu),     (16) 

where Sb(hc) represents a small variation of the integration 
limit, i.e., a small variation of the state of the system conse- 
quent to a small field variation dHa. Now, if SQ is written 
using Eqs. (7) and (8) and then it is integrated by parts, one 
obtains 

SQ = 2fi0M,     dhc exp(-hc/k)v(Ha-hc)dHa 
Jo 

f00 
2/i0Ms\   dhc hc exp(-hc/k) 

Jo 

dv{x) 
X 

dx 
dHn 

x = H„ 

where substituting 

f°° fi0XdHa = 2fi0Ms     dhc hcexp(-hc/k) 
Jo 

dv(x) 
dHa, dx 

one will be able to write 
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8Q = ßQH0dM - ix0XdHa. (17) 

Finally, Eqs. (14) and (17) can be combined with Eq. (1) to 
obtain an expression of dg: 

dg=~ ixüMmdHa+iXQXdHa, (18) 

and this result, when compared with Eqs. (2) and (3) shows 
that both the Preisach and Jiles-Atherton models are fully 
consistent with the energy balance expressed in Eq. (1), even 
though a deviation term is observed. 

A. Irreversible and reversible magnetization 

In Eq. (13) it has been shown that the expressions for 
magnetization derived in the Preisach framework can be 
used to obtain an expression for magnetization along the 
major loop as in the Jiles-Atherton model. The general ex- 
pression for total magnetization M is usually given as the 
sum of two contributions Mirr and Mrev. Equations (6) and 
(8) refer to the irreversible part only, so that 

2MS  f°°       [Ha-K 
MJ,Ha) = —£- I   dhc\ dhuexTp(-hc/k)v(hu), 

and the Jiles-Atherton relation (5) becomes 

dMin(Ha) 

dH„ 
= -[Mm(Ha)-Milr(Ha)]. 

(19) 

(20) 

Reversible magnetization processes can be quite natu- 
rally introduced in the Preisach model by association with 
elementary hysteresis loops with no energy dissipation, e.g., 
where hc = 0. These objects will be distributed along the hu 

axis and they can be defined using Dirac's delta function 
S(hc). The Preisach distribution referring to total magneti- 
zation is then the sum of two parts, both multiplied by the 
same function v(hu), 

[(l-c)u(hc) + cS(hc)]v(hu), (21) 

where S(hc) is the Dirac function. 
Using Eq. (21) and referring to the general expression 

for magnetization in Eq. (6) and (9), where one can substi- 
tute p(hc) with S(hc), the reversible contribution to magne- 
tization can be written as 

Mrev(tfJ = c2M, f"       (H" 
:     dhc\     dhu 
Jo       Jo 

S(hc)v{hu) 

= cMm(Ha), (22) 

having made use of Eq. (13). With this result, total magne- 
tization can be written both for the Preisach and the Jiles- 
Atherton models as 

dM = [(l-c)dMin+cdMm]. 

B. Mean-field contributions 

(23) 

Wishing to express the same quantities in the presence 
of a mean-field interaction, one has to distinguish the 
applied-field Ha from the internal-field H&ff, which is equal 
to the sum of the applied field and a coupling term propor- 
tional to magnetization through a coefficient a¥=0: 

Heff=Ha+aM, (24) 

taking the derivative of Ha with respect to internal-field HeS 

one obtains, 

dHn 

dH, 
\-a 

dM 

eff dH, 
(25) 

eff 

which can be used to write the derivative of M with respect 
toHa, 

dM _ dM   j dHa _ dM    I I dM \ 

a~H~a
=dH7n/  dH^{

=dH^{/   [^"dH^j-    (26) 

Now one is able to write Eq. (20) using HeS instead of Ha, 

dM(HeS)     1 
dH       = I [Mw(Hef{)-Min(Hef{)], 

and transform it to a derivative with respect to Ha: 

dM(Ha)_      MJ,Ha)-M-Jfla) 

dHa        k-a[Mm(Ha)-Mm(Ha)Y 
(27) 

which gives the Jiles-Atherton law for irreversible magneti- 
zation. 
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A procedure for the analysis of hysteresis in the H space of a uniaxial ferromagnet with higher-order 
anisotropy is put forward. The formulation is valid to any order n in the anisotropy expansion. The 
critical boundaries separating stable from metastable states are cast in a formally decoupled 
parametric way as HX = HX(MX), HZ = HZ(M,). The analytic expressions provide the basis for the 
construction of generalized astroids to any order. For n> 1, new features are found and interpreted 
in their relation to rotational hysteresis and possible spin-reorientation transitions in uniaxial 
materials. The shape and symmetry of the critical boundaries depend crucially on up to n -1 
independent ratios of the anisotropy constants against a suitable normalizing quantity; the 
normalizer can be any from among the set of constants or any linear combination thereof. 
Self-crossing of an astroid indicates the existence of additional extrema and, hence, of complicated 
hystereses.   © 1998 American Institute of Physics. [S0021-8979(98)23911-9] 

I. INTRODUCTION 

Hysteresis is a complex nonlinear phenomenon of deli- 
cate sensitivity to the past states of the system.1 In ferromag- 
nets whose anisotropy could be reasonably well character- 
ized by a phenomenologic free energy expansion F( 0, (f>) in 
the angular variables of the saturation magnetization M, hys- 
teresis holds place even if one allows for homogeneous ro- 
tation of M only.2 There are certain advantages with the 
analysis of a uniaxial system in its field space. For instance, 
one can determine the boundaries of stability of states corre- 
sponding to different minima of the anisotropy energy for 
any field direction and not only for the two principal con- 
figurations with field parallel or perpendicular to the axis of 
symmetry. The case with only the lowest term in the anisot- 
ropy expansion has been systematically discussed and 
implemented.1'3 The only exceptions dealing with astroids in 
higher orders are Refs. 4 and 5 concerning a system with two 
anisotropy constants. In the following, we demonstrate that 
this type of analysis is easily extended to any order in the 
anisotropy expansion due to a special feature of the problem 
at hand, so that the first two orders are deduced as particular 
cases. The procedure gives rise to field-space diagrams 
which will be referred to as generalized astroids. Self- 
crossing of the boundaries of stability, found already in the 
second order,4'5 arises over large domains of values of the 
anisotropy constants and is the most pronounced feature of 
this generalization. It signals the existence of complicated 
hysteresis behavior due to the emergence of additional com- 
peting energy minima. 

II. GENERALIZED ASTROIDS: ANALYTICAL AND 
EXAMPLES 

One carries out the field-space analysis with the phe- 
nomenological thermodynamic potential of the type gA =fA 

+ ez, where ez= -M His the Zeeman term, while 

//i(ö;{a;})=2 dk 
k=\ 

sin2* 0 (1) 

"'On leave from the CPCS Lab, Inst. Solid State Phys., Sofia; electronic 
mail: millev@mis.mpg.de 

is the full expansion for the anisotropy energy density of a 
uniaxial ferromagnet.3 The {ay}'s are the anisotropy con- 
stants of order j, while 0 is the angle between M and the 
crystallographic axis of cylindrical symmetry n. 

In the assumed symmetry, all three relevant vectors n, 
H, and M lie in the same plane, since there is no torque to 
drive the magnetization out of the plane (H,n). The remag- 
netization processes are confined to this plane. This makes 
all results directly applicable to situations, typical of thin 
ferromagnetic films, where the magnetization vector is con- 
fined within the plane of the film because of the strong di- 
polar contribution.6 We choose the z axis along n with M 
= (Mx,0,Mz) and H=(Hx,0,Hz). To find the stable direc- 
tions of M under applied field, one has to look for extrema of 
gA(0) by solving g'(0) = O and requiring that g"( 0)3=0 at 
the eventual solutions of the extremal equation. In zero field, 
there is always more than one stable solution, while in suf- 
ficiently high fields, the Zeeman energy favors conforming 
alignment of M and H. So the boundaries between perfectly 
aligned and competing equilibrium states are at some finite 
magnitude of field which may vary with field direction. It is 
determined by the simultaneous consideration of the condi- 
tions g'(9) = g"(6) = 0 by inserting the expansion from Eq. 
(1). One observes that this system of two equations is linear 
in the components of the field, so that, solving for Hx and 
H,, one obtains 

0021 -8979/98/83(11 )/6500/3/$15.00 6500 © 1998 American Institute of Physics 
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HX = T7 2 kak sin2^1 8[2(l-k) + (2k- l)sin2 6>], 
M k=l 

k-\ 

^ = 77 S *a*(l-2*)2       „   l(-l)pcos2^+3ö. 

(2) 

This is obviously a parametric solution of the type Hx 

= HX(6), HZ = HZ(6) which describes the boundaries of sta- 
bility in the field space of the uniaxial system to arbitrary 
order. A seemingly redundant complication has arisen in 
passing from sin 6 to cos 6 in Eqs. (2). This was motivated 
by the desire to cast the parametric solution in a formally 
decoupled way as HX = HX(MX), HZ = HZ(MZ). The form 
serves to identify correspondence rales between the particu- 
lar principal cases of fields applied along n or perpendicu- 
larly to it. The rules come about by comparing identical pow- 
ers in Mx and Mz in the two equations for the respective field 
components. They save half of the labor in exploring the 
phase diagrams in H space, since features of given symmetry 
for a given set of anisotropy constants {ak} must be identical, 
up to permutation of Hx and Hz axes, for the corresponding 
set of constants. This is in fact a symmetry argument which 
has escaped attention in the earlier field-space (astroid) stud- 
ies; here, one deduces it from the general solution to arbi- 
trary order. 

A further general observation, valid to any order, is 
borne out by looking in turn at the two principal configura- 
tions Hlln and Hin. In the first case, the conforming solu- 
tion (HUM) is sin 9—0 and is stable, to any order, for H 
^HAl with the anisotropy field HA1 = 2\al\/M depending 
on a i alone despite of considering the contributions from all 
orders. In the second case, the conforming solution is cos 6 
=0 and is stable for H^HA2 with HA2 = 2\'2k

0
=lk-ak\/M. 

As a very interesting consequence, in a system with a spin- 
reorientation transition, which would occur in a given aniso- 
tropic ferromagnet if ax—>0 under variation of some param- 
eter like temperature etc., the anisotropy in the direction of 
the symmetry axis n becomes soft (HA1^0) which gives 
rise to a number of peculiarities. Either HAl or HA2 may 
serve as natural normalizing quantities for the generalized 
astroids to arbitrary order, but the choice is not restricted and 
may be varied, should particular considerations of simplicity 
hold in a particular system. Generally, the precise shape of 
the boundaries in H space depends on up to n — 1 constitu- 
tive ratios to order n. In principle, the part of a normalizing 
quantity may be played by any linear combination of anisot- 
ropy constants. 

The predictive power of the H-space analysis to higher 
orders depends crucially on the fact that the tangent 
construction1 for the determination of the hysteresis along 
any route in field space remains valid even with anisotropy 
constants of higher orders. It is indeed a substitute for the 
numerical solution of a high-degree polynomial equation. 
The existence of more competing states as one goes to higher 
orders in the anisotropy energy gives rise to rather complex 
generalized astroids whose generation by Eqs. (2) can, how- 
ever, be performed pretty easily. 
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FIG. 1. (a) The octopole astroid (a, = -a2> «3 = 0). The exceptionally high 
eightfold symmetry derives from the exchange of stability along this special 
line in the anisotropy space of the system (Ref. 8). (b) Swallow tails due to 
softening of the anisotropy axis n for a system with a spontaneous orienta- 
tional transition, (c) Generalized astroid for a system with both anisotropy 
fields gone soft (a^O, a1 + 2a2 + 3a3 = 0). Note the squarelike aspect of 
the "mainframe." (d) A generalized astroid with all |aI]2i3| equal (a13<0, 
a2>0). Self-crossings of this type imply complicated secondary hystereses. 

We proceed to illustrate the general method by several 
examples up to order n = 3 in the anisotropy expansion. For 
bulk systems, the necessity of considering three orders in the 
expansion for a uniaxial system arises in the analysis of the 
behavior of the rather important group of highly anisotropic 
rare-earth-transition-metal compounds.7 The examples are 
indicative of the variety of nontrivial cases which are in store 
when higher-order anisotropies are non-negligible. Consider 
the case with a3 = 0 first. A symmetric astroid results when 
a1 = -a2 [Fig. 1(a)]. This condition corresponds to the line 
in the anisotropy space along which a stable canted solution 
exists (al<0) or there is a pair of coexisting minima of 
equal depth (c^X)).3 The symmetry is exceptionally high 
with the vertices of the octopolelike astroid lying on a 
circle.8 All cases which are of the self-crossing type may be 
viewed as resulting from continuous deformations of the 
most symmetric case upon variation of the ratio a2lax. Gen- 
eralizing these observations, the most symmetric astroids to 
any given order of the expansion will be realized on the 
manifolds where, in zero field, the eventual minima trans- 
form into each other continuously or exchange stability, 
while coexisting. Now consider the case with a2 + 0, al 

= a3 = 0. This is a two-constant approximation where, addi- 
tionally, the lowest order contribution goes to zero as would 
be the case in systems exhibiting orientational transitions in 
zero field. The behavior in the principal field configurations 
has been elucidated in great detail.9 The astroid in Fig. 1(b) 
sheds light on the behavior of such a system under an applied 
field of arbitrary direction. One observes the "softening" of 
the anisotropy field HAi in that the swallow tails adjacent to 
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the n axis ran smoothly down to the origin. By the same 
token, the direction perpendicular to n will become soft 
whenever the linear combination of constants defining HA2 

goes to zero. Thus, swallow tails along the Hx axis will run 
to the origin on the hyperplanes in the anisotropy space de- 
fined by *Lnk=lk-ak = 0 in order n. This is corroborated by 
Fig. 1(c) where the condition ai + 2a2 + 3a3 = 0 is imposed. 
Since ax is intentionally very small for this plot, the same 
figure typifies also the situation at an orientational transition 
[unlike Fig. 1(b), here a3^0]. Now both HAX and HA1 are 
zero, hence, the symmetric outlook of the cross between the 
two complete swallow tails. Note that the "mainframe" of 
the astroid in Fig. 1 (c) is very nearly square-shaped. This last 
feature comes up also with sets of constants which do not 
lead to self-crossing; we have observed it, e.g., with a2la\ 
«-1/8, a3lax^H2. The outcome of all constants being 
equal is presented in Fig. 1(d) (|ai| = |fl2l = la3l' ai,3<0> 
a2>0). Complicated self-crossings imply nontrivial second- 
ary hystereses as one already knows from the lower-order 
treatments 4,5 

III. DISCUSSION 

The method described above can be used to study the 
possibility of eliminating undesirable hysteresis in uniaxial 
materials by applying stress in a suitable direction. The idea 
has been put forward in the context of cubic magnetostrictive 
materials,10 but it applies to any symmetry, in principle. The 
advantage of the uniaxial setting is that there is a single 
angular degree of freedom, while in cubic symmetry two 
such degrees are relevant and the analysis relies on an ex- 
pansion in small deviations from the symmetry axis. The 
analysis can be performed most easily for stresses along or 
perpendicular to n. Since the stress-induced contribution is 
always of the lowest order, it shifts ax by an amount ax. For 
stress (T along n, the shift is äi = - a\a'2 for both tetragonal 
and hexagonal symmetry; here, A."'2 is the magnetostrictive 
coefficient for the mode of change of length along n.11 Note 
that the sign of the shift can be controlled, for a given ma- 
terial (i.e., for a given A."'2) by applying tensile or compres- 
sive stress. The hysteresis for driving fields along one of the 
two principal directions can be diminished and, eventually, 
eliminated if the anisotropy field along the other (conjugate) 
axis is much smaller than along the direction of the driving 
field. That is, make one of the axes (say, n) anisotropically 
soft by applying stress; then the axis perpendicular to n is 
automatically the (relatively) harder one; hence, remagneti- 
zation along it would be as closely hysteresis-free as the 
n-axis is soft. Since there are two options for the quantities 
to be modified by stress, HM and HA2, and two further 

options for the sign of ä,, one recognizes four generic pos- 
sibilities as a framework for selecting suitable material pa- 
rameters for prospective applications. 

The study of hysteresis by the described generalized- 
astroid construction is readily applicable to ultrathin ferro- 
magnets as well. In these, there is a strong enhancement of 
the lowest-order anisotropy due to broken crystallographic 
symmetry at the surface whereby the anisotropy per surface 
atom is typically about an order of magnitude larger than in 
the bulk.12 In both bulk and thin-film uniaxial systems, the 
consideration of generalized astroids in applied field may 
offer valuable insights, especially when a spin-reorientation 
transition is to be analyzed [cf. Figs. 1(b) and 1(c)]. In the 
vicinity of such transition points, higher-order anisotropies 
come into play. 

Apart from the prospective applications described in the 
above paragraphs, the general solution to arbitrary order 
given in Eq. (2) provides for an overview on the whole prob- 
lem by: (i) reducing the calculation in any particular order to 
a deductive procedure whereas the n = 1 and n = 2 solutions 
appear as special, ad hoc constructions independent of each 
other; (ii) leading straightforwardly to correspondence rules 
valid to any order by virtue of the formally decoupled solu- 
tions HX{MX) and HZ(MZ); and (iii) uncovering to any de- 
sired order the possibility for, and the mechanism of, making 
one of the principal axes anisotropically soft and thus allow- 
ing the identification of hysteresis-free conditions. Finally, 
the field-space perspective should be viewed as complemen- 
tary to stability analyses in the anisotropy space of the 
system13 whereby only the union of both approaches may 
yield as detailed description as possible and/or required. 
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The localization of nucleation modes in inhomogeneous ferromagnets and its influence on the 
coercivity are investigated. From the formal analogy between quantum mechanics and 
micromagnetics follows that anisotropy inhomogeneities may cause localization. The nucleation 
modes of one-dimensional arrays, such as multilayers composed of hard and soft magnetic 
materials, are localized even if the superlattice exhibits a nearly ideal periodicity. Gaussian 
distributions of the layer thicknesses lead to Urbach tails and very low coercivities, but a maximum 
thickness lm of the soft layers suppresses the Urbach tails. The related problem of magnetic viscosity 
leads to a supersymmetric Fokker-Planck description where the time dependence of the 
magnetization is given by the ground-state mode of a fermionic potential. © 1998 American 
Institute of Physics. [S0021-8979(98)50911-5] 

I. INTRODUCTION II. LOCALIZATION OF NUCLEATION MODES 

Localization means that the eigenfunctions of a partial 
differential equation are concentrated in a small volume. A 
well-known problem is electron localization: metallic wave 
functions, such as free-electron plane waves, are delocalized, 
whereas electrostatic correlations and disorder may give rise 
to Mott and Anderson localization, respectively.1-3 Mott lo- 
calization is a many-body effect and occurs, for example, if 
the interatomic distance of a metal exceeds a threshold above 
which metallic conductivity vanishes. Here we are concerned 
with the Anderson localization in a random potential. 

As discussed for example in Ref. 4, there is a formal 
analogy between micromagnetics and quantum mechanics. 
Nuclei in homogeneous ellipsoids of revolution are delocal- 
ized, but localization may be caused by magnetic inhomoge- 
neities. This micromagnetic localization is of practical im- 
portance because it determines the nucleation of reverse 
domains and therefore affects the coercivity. An example is 
oriented nanostructured two-phase permanent magnets such 
as Nd2Fe14B/Fe, where very high energy products are 
expected.4-7 In these structures, the rare-earth-containing 
hard regions act as a skeleton which stabilize the high mag- 
netization of the soft phase, but nucleation modes localized 
in extended soft regions tend to destroy coercivity. 

A related problem is the time dependence of quantities 
such as the remanent magnetization (magnetic viscosity). On 
an atomic level, magnetic viscosity arises from the interac- 
tion of the magnetic moments with other degrees of freedom 
such as lattice vibrations. As emphasized in Ref. 8, the heat 
bath associated with the nonmagnetic degrees of freedom 
leads to a Fokker-Planck diffusion of the magnetic moments 
in the zero-temperature potential Em. However, even for 
one-dimensional problems such as the motion of a domain 
wall in a disordered potential there exists no exact solution. 

Here we present an interpretation of micromagnetics in 
terms of the localization problem. Particular emphasis is put 
on nucleation modes and long-time magnetic relaxations. 

"'Present address: Department of Physics and Astronomy, University of Ne- 
braska, Lincoln, Nebraska 68588-0111. 

For simplicity, we will restrict ourselves to the energy 
functional 

/ 

.VM2 M] \ 
A — + Kl{t) -^-^MzH\dr, 

M Mt (1) 

where A is the exchange stiffness and Kx{r) denotes the 
lowest-order uniaxial anisotropy constant. The magnetostatic 
self-interaction is approximated by a demagnetizing field, 
because anisotropy fields 2KX //A0MS tend to be much larger 
than stray fields in hard magnets such as ultrathin films and 
rare-earth permanent magnets.4'9'10 Typical microstructures 
of interest are shown in Fig. 1. 

To obtain nucleation modes we rewrite M as 

M(r) = Ms Vl-m(r)2ez + Msm( r) (2) 

MULTILAYER (d = 1) SPHERICAL INCLUSIONS (d = 3) 

EMBEDDED RODS (d = 2) 
DISORDERED 
ULTRATHIN FILM (d = 2) 

FIG. 1. Inhomogeneous structures consisting of magnetically hard (dark) 
and soft (white) regions. The orientation of the common easy axis is irrel- 
evant as long as it is parallel to the applied magnetic field. 

0021-8979/98/83(11 )/6503/3/$15.00 6503 © 1998 American Institute of Physics 
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and expand Em into powers of the small transverse magneti- 
zation component m=mxex+myey. Minimizing Em then 
yields 

-AV2m+2Kx{r)m= -fi0MsHm. (3) 

This equation is degenerate with respect to mx and my, so 
that we restrict ourselves to any direction in the xy plane. In 
practice, small deviations from the common c-axis anisot- 
ropy (grain misalignment) and magnetostatic interactions 
break the symmetry and fix the direction of m. 

Equation (3) is reminiscent of Schrödinger's equation 
for an electron in an electrostatic potential V. In this 
quantum-mechanical analogy, A, Ky, and — ß0MsH/2 are 
analogous to fi2lme, V, and E, respectively. The ground- 
state energy E0 corresponds to the nucleation field H= 
— HN, which determines the coercivity of nucleation- 
controlled magnets.4 In the ordered limit, Eq. (3) has been 
solved for a number of cases.4'11"13 

Lowest-order perturbation theory yields .4,5,9 

HN- 
,2(*i(r))„ 

ßoMs 
(4) 

so that the nucleation field is given by the volume-averaged 
anisotropy constant (Ki(r))v = K. In the quantum- 
mechanical analogy, this approach is known as the virtual 
crystal approximation.14 

There are various methods to solve the random-potential 
band structure problem.3'14 Here we restrict ourselves to 
second-order perturbation theory. Applying the quantum- 
mechanical expression 

E=E0 + (I(/0\V\II>0)-2J  —7;—^— (5) ■2 
k 

to Eq. (3) yields 

_2K 

Ms    (2Tr)dAM: 
j  p G(k)ddk. (6) 

Here G(k) = Jexp(ik.r)-([Kl(r)-K][Ki(0)-K])vdr is 
the Fourier-transformed autocorrelation function of the dis- 
order. For example, the isotropic distribution ([^(r) — K] 
X[Kl(0)-K])v = K2

0exp(-r2/2R2) yields G(k) 
= (2irR2)dl2Kl exp(-^Ä2/2). In these equations, R is the 
average radius of the hard and soft regions and K0 

~ Kh V/J(1
_

A). where Kh is the anisotropy constant of the 
hard phase and fs is the volume fraction of the soft phase. 

Localization depends on the dimensionality of the prob- 
lem and is most pronounced in one and two dimensions.1'14 

Figure 1 shows some one-, two-, and three-dimensional 
structures of interest. In Eq. (6), the 1/k2 term causes the 
corrections to diverge in less than two dimensions. This re- 
sult is related to the absence of metallic conduction in less 
than two dimensions.3'14 For d>2, Eq. (6) yields 

2K AR2 

fJ'0HN=TT - K2 

Ms    (d-2)AMs    °" 
(7) 

The \l(d-2) dependence in this equation shows that three- 
dimensional configurations of soft and hard regions are not 
very much affected by minor inhomogeneities. As a rule, 
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FIG. 2. Nucleation modes in (a) ideally periodic and (b) nearly periodic 

multilayers. The solid lines show the K, profiles in the z direction, while the 

nucleation modes |m(z)| are given by the dashed lines. 

coercivity breaks down if the size of the soft regions is larger 
than the domain-wall width tr^AIK^A nm of the hard 
phase (compare also Refs. 4 and 9). 

In one dimension, for example in multilayers, arbitrary 
small disorder leads to localization. Figure 2 compares delo- 
calized and localized nucleation modes m(z) in (a) periodic 
and (b) nearly periodic multilayers. In Fig. 2(b), one soft 
layer is thicker by about 15% than the others, and the nucle- 
ation mode is localized. As in quantum mechanics, there is a 
small resonance interaction (tunneling) between the potential 
minima,4 but in fair approximation this contribution can be 
neglected here and following Ref. 4 we estimate that the 
nucleation field of Fig. 2(b) is smaller by about 30% than 
that of the periodic lattice Fig. 2(a). 

In most cases, disorder leads to extended soft regions 
which destroy coercivity. In the context of electron localiza- 
tion, the low-lying states responsible for this behavior are 
known as Urbach tails, and asymptotically the density of 
states of the Urbach tail is given by the probability distribu- 
tion of the structural disorder.3 In multilayers, a Gaussian 
distribution of thicknesses ls of the soft layers yields a loga- 
rithmic dependence of the nucleation field on the total film 
thickness t and yields HN=0 for /^°o.18 However, if the 
thicknesses obey ls^l,„ then the Urbach tails are cut off and 
the nucleation field scales as III2,, as sketched for example in 
Refs. 4 and 13. 

III. SUPERSYMMETRY 

An atomic approach towards magnetic viscosity is to 
consider random thermal forces £(?) acting on the magneti- 
zation vector. For simplicity, we will restrict ourselves to a 
single magnetization degree of freedom s. Examples are s 
= sin 6 and s = x in fine-particle and pinning-type magnets, 
respectively. This leads to the magnetic Langevin equation 

ds 

~dt 

r0 <?£„, 

kRT  ds + V2r„£(0, (8) 
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where r0=l/r0 is an atomic attempt frequency.8'15'16 The 
random forces obey (£(?)) = 0 and (£(ol('')} = S(t-t'), 
where S(x) is the delta or "needle" function denned by 
8(x) = 0 for x =£ 0 and /8(x)dx — 1. At low temperatures, the 
dsldt and £ terms are negligible and Eq. (8) reduces to the 
trivial minimization problem dEmlds = Q. 

The probability distribution P(s,t) obeys the magnetic 
Fokker-Planck equation ' 

T^dPldt={kBT)-xd{PdEmlds)lds + dP2lds2.       (9) 

As Eq. (1), the Fokker-Planck equation implies that macro- 
scopic magnetization jumps consist of a chain of micro- 
scopic events. A simple one-dimensional example are small 
patches of (111) transition-metal films with easy-plane an- 
isotropy but without in-plane anisotropy, that is Em(<fi) 
= const.  For  the  initial  condition  M=Mter   we  obtain 
P(<f>,t) = (4Trr0tr

m exp(-^74IV) and (cos (/)) 
=exp(—T0t). There is, however, no general solution of the 
one-dimensional Fokker-Planck equation.8'15 

In equilibrium, where dP/dt = 0, Eq. (9) yields the relax- 
ation rate T = 0 and P(s) = Z~l exp(-Em/kBT). However, to 
understand the long-time magnetic-viscosity limit we have to 
consider the smallest nonzero relaxation rate T l = XITX . A 
conceptionally very simple solution of this problem is pro- 
vided in terms of supersymmetric quantum mechanics, 
which unifies bosonic and fermionic properties of matter. 
The observed particle masses indicate a strong breaking of 
the supersymmetry in elementary particle physics, but the 
concept is a useful idea not only in elementary particle phys- 
ics but also in solid-state physics.15'17 The formal ansatz 
P(s,t) = bxp(-Tt)e\v(-EJ2kBT)ifr(s) transforms Eq. (9) 
into 

r 
To 

d2y 

ds' 
■ + V+V, (10) 

where the so-called bosonic potential V+ and its fermionic 
counterpart V_ are given by 

V± = {dEmlds)2IAk2
BT

2+{dE2Jds2)l2kBT. (11) 

In supersymmetric quantum mechanics, replacing V+ by V_ 
transforms the "bosonic" differential Eq. (10) into a fermi- 
onic equation. Since the first excited eigenvalue of the 
bosonic problem is equal to the lowest eigenvalue for the 
fermionic potential,17 the long-time limit of magnetic viscos- 

ity is a ground-state property of the fermionic problem. 
However, the localization behavior of the fermionic ground- 
state mode is more complicated than that shown in Fig. 2 and 
requires further analysis. 

IV. DISCUSSION AND CONCLUSIONS 

In conclusion, we have analyzed the localization behav- 
ior of nucleation and magnetic-viscosity modes in terms of 
the new concepts of micromagnetic Urbach tails and super- 
symmetric magnetic viscosity. Nucleation modes in one- 
dimensional structures, such as multilayers, are localized, 
even if the structure is nearly periodic. Gaussian disorder 
destroys coercivity, but a maximum thickness /max of the 
soft-magnetic layers achieved by careful processing assures a 
finite nucleation field. On the other hand, we have shown 
that the long-time limit of magnetic viscosity is equivalent to 
the ground-state localization in a fermionic supersymmetric 
potential. 
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Computational micromagnetic investigation of magnetization reversal 
in Nd-Fe-B nanocomposite magnets 

S. David,a) B. Kevorkian, J. C. Toussaint, and D. Givord 
Laboratoire de Magnetisme Louis Neel-CNRS, BP 166, 38042 Grenoble Cedex 9, France 

As a complement to the experimental analysis of magnetization reversal in a two-phase system, a 
numerical micromagnetic three-dimensional calculation is developed and tested. It is applied to a set 
of 64 nanometer-scale hard (Nd2Fe14B) and soft (Fe3B) cubic grains. Calculations reproduce 
qualitatively the experimentally observed processes and allow the relation between the structure and 
the coercivity mechanism in nanocomposite hard magnetic materials to be better understood. 
© 7995 American Institute of Physics. [S0021-8979(98)51011-0] 

I. INTRODUCTION 

In nanocomposite magnets, a hard medium-magneti- 
zation phase and a soft high-magnetization phase are closely 
intermixed. With the constituent crystallites being of nano- 
meter size, exchange coupling between them allows both 
high remanence and medium coercivity to be obtained.1 Due 
to their high potential for applications, recent investigations 
were aimed at improving coercivity in these compounds by 
optimization of the preparation procedures and the 
compositions.2 Moreover, numerical micromagnetic ap- 
proaches were developed3 to appraise and predict the influ- 
ence of microstructural features such as grain size on basic 
magnetic properties such as remanence, coercivity, and 
(BH)max. But achievement of both high remanence and suf- 
ficient coercivity in nanocomposite hard materials remains 
unrealized. 

Recently methods and models which have been devel- 
oped to interpret coercivity in other hard magnetic materials 
were employed to identify the relevant physical parameters 
and mechanisms involved in magnetization reversal in such 
materials.4'5 To gain deeper understanding and with an eye 
toward quantitative prediction of magnetic performance, a 
three-dimensional (3D) computational micromagnetic tool 
was developed to complement these experimental investiga- 
tions. In this article it is applied to a simple system which 
models the structure and interactions within the material. The 
magnetization reversal process which is deduced from calcu- 
lation is then qualitatively compared with the experimental 
results; this is considered a fundamental criterion by which 
to validate the numerical approach. 

II. EXPERIMENTAL BACKGROUND 

In a recent study,5 the magnetic properties of two-phase 
nanocrystalline magnets were investigated on several alloys. 
Reversible and irreversible reversal processes were separated 
by extracting the corresponding susceptibilities from the 
magnetic measurements. In contrast with the mechanisms 
found in single-phase magnets, this study revealed that re- 
versal in these systems can be schematically interpreted as a 
two-step process: the initial magnetization reversal is domi- 
nated by reversible processes while irreversible processes, 

which characterize the coercivity mechanism, occur at larger 
field values. Furthermore, the field at which the maximum of 
irreversible reversal occurs is the relevant physical parameter 
to be considered in analyzing coercivity; as shown in Fig. 
4(b), it is found to be higher than //f (the field at which the 
magnetization vanishes). 

In the following, we use, as a basis for comparison with 
calculation, the hysteresis cycle (Fig. 3) and magnetic sus- 
ceptibilities (Fig. 4) measured at 300 K on a material con- 
taining approximately 50% (volume) hard Nd2Fei4B and 
50% soft Fe3B, with a crystallite size ranging between 10 
and 30 nm as characterized by transmission electron micros- 
copy (TEM).6 A model structure was defined according to 
these structural features. 

III. MODEL SYSTEM 

We consider a 3D chessboard arrangement where 32 
hard phase grains and 32 soft phase grains are stacked up 
alternatively (Fig. 1). The main advantage of such a model 
system compared with others3 is that it allows better control 
over the numerical errors that are observed using a finite 
difference approach. A 15 nm grain size was chosen for the 
both hard and soft phases. The intrinsic parameters common 
to the two magnetic phases (at 300 K) are the spontaneous 
magnetization /x0Ms= 1.61 T and the exchange constant A 
= 12.5 X 10~12 J/m. In each grain, the magnetocrystalline an- 
isotropy is assumed to be uniaxial; the anisotropy constants 
are 7C1 = 4.5X 106 J/m3 and K2 = 0.66 X 106 J/m3 for the 
Nd2Fe14B phase and Kx = -0.322X 106 J/m3 for the Fe3B 
phase. The distribution of the easy axis for the hard grains is 
chosen randomly and is constrained to be isotropic ((cos 8) 
= 1/2). 

D=15nm 

z<t 

£r 

Hard Soft 

)\ 

"'Electronic mail: david@labs.polycnrs-gre.fr FIG. 1. The chessboard model system. 
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FIG. 2. Scaling transformation of a 2D mesh with a factor b = 2; the dashed 
squares correspond to the physical system, (a), (b), and (c) illustrate the 
different steps involved in the transformation. 

case <£/j = 0 on Th is obtained. The method illustrated here 
for 2D systems have been applied to 3D systems. Our simu- 
lations use a grid spacing /?=12.5 Ä such that h<Sw and 
h<Sex are verified. The nanocomposite structure, made of 
64 grains, is discretized by 32X32X32 elements centered 
within a box of width 48h that surrounds it. 

In static field calculations, magnetization configurations 
in the equilibrium state are determined by integrating the 
dynamic Landau-Lifshitz-Gilbert (LLG) equation: 

dm 

dt 
-mXHeff((), (2) 

IV. NUMERICAL BACKGROUND 

In the continuous medium approximation, the Gibbs free 
energy density F{m(r)} of a ferromagnetic system of mag- 
netization vector M(r) = Ms-m(r) can be written as 

F{m(r)}= f d3r{A[Vm{r)]2-Pk[uk-m(r)]-p0 
Jv 

X MsHext- m(r)-k-fi0- Af ,m(r) • Hs{m(r)}}, 

(1) 

where Pk is a polynomial which expresses the magnetocrys- 
talline anisotropy energy; Hs{m(r)} is the stray field due to 
the magnetostatic volume charges pm= -MsV-m(r) and to 
the surface charges <rm = Msm(r) • n (n is the surface normal, 
pointing outwards). H5 is derived from a scalar potential 4> 
which satisfies the Poisson equation inside the material and 
the Laplace equation outside it. We used the finite difference 
method to calculate the potential 4> associated with a given 
magnetization distribution {m(r)}. The values of <£(r) and 
{m(r)} were sampled at the cell centers of a regular cubic 
mesh with grid spacing h. 

Accurate estimates of the potential </> normally require 
the grid to be extended over a large region outside the physi- 
cal system. A multigrid method has therefore been developed 
to reduce the size of the external mesh and save calculation 
time. Let us consider a two-dimensional (2D) bounded 
square domain D, in which the physical system is enclosed, 
that is placed on a square mesh of parameter h. We note Th 

the contour joining the set of outer nodes where <$> is calcu- 
lated [Fig. 2(a)]. Let us apply a scaling transformation de- 
fined by a factor b (in this case b = 2). The dilatation of the 
grid gives a coarse mesh of parameter 2h [Fig. 2(b)]. In each 
of the new cells the magnetization vector is determined as a 
vectorial average of the magnetization vectors. A contraction 
of this grid is then performed by the same factor [Fig. 2(c)]. 
The superposition of the two views of domain D before [Fig. 
2(a)] and after transformation [Fig. 2(c)] shows that the 
boundary rÄ is now located inside the mesh limited by the 
contour Ylh. 

By imposing (f>2h = ® on ^2h m the nne mesh of Fig. 
2(c), the Poisson equation is solved and a coarse estimation 
of the solution {<f>2h\ m eacn ceU is obtained. {<f>h} on Th is 
then calculated by a linear interpolation of {<f>2h\- The sys- 
tem is then re-expanded to its initial size keeping constant 
the estimate values of {<f>h} on Th. By again solving the 
Poisson equation, a better estimate of {(f>h} than that for the 

with 

Heff(0 = H(f) + a-m(f)xH(f), (3) 

where a is the Gilbert damping constant and K(t) denotes 
the functional derivatives of the magnetic energy F{m(r)} 
with respect to m. At equilibrium, the torque created by the 
effective field on the magnetization vector must vanish at 
each point in the physical system. The evolution of m turn- 
ing around the vector field Heff(f), governed by Eq. (2), may 
be described by 

m(t+ St) = m(t)cos(Hef£t)8t) 

sm[He(f{t)St] 
+ ■ 

ffeflO) 
[Heff«xm(r)] + [1 

-cos(Htff(t)8t)] 
Hefl(f)-m(f) 

tfeffW 
Heff(0.    (4) 

This relation tends towards an exact integration of the LLG 
equation in the limit of a weakly time-dependent effective 
field Heff. This scheme of integration is at least as accurate 
as the modified Euler method, in which the Taylor expansion 
must be truncated at second order. It is also more efficient, 
since it requires only that the first order time derivative be 
evaluated and, moreover, it allows the magnetization modu- 
lus to be maintained constant. As with any explicit method,7 

numerical instabilities may be encountered and may lead to 
mistaken solutions to the LLG equations. A stability criterion 
may be determined for ferromagnetic systems which are 
mainly governed by exchange interactions. Let us consider a 
chain of spins located on a Ox axis and directed along Oz. 
When the system is weakly perturbed, the LLG equations 
may be linearized. The Von Neumann analysis of the stabil- 
ity consists in developing any numerical fluctuation into a 
Fourier series and to examine the time evolution of the am- 
plitude ek(t) of each mode k. The integrating scheme for a 
given time step dt is considered to be stable as the gain G 
= \ek(t+8t)/ek(t)\ remains lower than 1. The analysis 
shows that a time step limit exists and is defined by 

ID      hl 2a 

l + a2 (5) 

For 3D systems, a similar analysis leads to St^= 3^4°. An 
upper limit of 8t^ is obtained by choosing a= 1. This value 
was chosen in our calculations in order to save computa- 
tional time. 
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(a) 

FIG. 3. Calculated (bold lines) and experimental (dotted line) hysteresis 
curves in the range [-2,+2 T], The black dots correspond to the calculated 
equilibrium states of magnetization. 

V. RESULTS 

The hysteresis curve (Fig. 3) was obtained after calcu- 
lating the initial polarization of the system in a 4 T external 
field applied along the Oz axis. The black dots represent the 
equilibrium magnetization states within the field range 
[-2.+2T]. A continuous curve was then defined by inter- 
polating it from calculated points; it was used to evaluate the 
total magnetic susceptibility XM 

as the derivative of magne- 
tization with respect to the applied field [Fig. 4(a)]. Since the 
simulation enables the contributions to the total magnetiza- 
tion by the two magnetic phases to be distinguished, the 
hysteresis curve and the susceptibility were also obtained for 
both hard (Xhard) and soft (xsoft) phases. Moreover, the re- 
versible contribution to the total susceptibility, ^rev, was de- 
termined using a procedure which mimicks the experimental 
method, i.e., by evaluating the slope of the magnetization on 
successive recoil loops (10 mT) along the major cycle. The 
quantity A'tot^Xrev ,4 which is predominantly associated with 
irreversible reversal phenomena, can thus be deduced. 

The calculated ratio Mr/Ms (0.68) is found to be close to 
the experimental value (0.73). In addition, the calculated 
hysteresis curves of the hard and soft phases (Fig. 3) clearly 
show that the reversal process in the second and third quad- 
rants is not homogeneous: the reversal of the soft phase 
dominates at low field (H^H1^) and that of the hard phase 
at higher fields (H>//f). 

The susceptibilities that were derived from simulation 
[Fig. 4(a)] reveal that (i) the maxima of the reversible and 
irreversible reversals occur at distinct field values, leading to 
the fact that (ii) H™ is lower than the field value correspond- 
ing to the maximum of irreversible reversals. These features 
are in agreement with the experimental results [Fig. 4(b)] 
and Sec. II. However, the calculated ratio *rev/(Xtot-.Xrev) is 

much smaller than the experimental values. This result 
means that a lower proportion of magnetic moments reverse 
reversibly within the model system than in the real one. 
From the field dependence of ^soft and ^hard, it appears that 
about half of the soft moments and the majority of the hard 

3 
6 
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FIG. 4. Calculated (a) and measured (b) magnetic susceptibilities. 

moments reverse around the same field value of 1.2 T. This 
shows that the majority of the soft moments is strongly ex- 
change coupled to the hard moments and is forced to follow 
their rotation. This phenomenon can be ascribed to the fact 
that the grain size taken in the present calculation (D 
= 15 nm) tends to be smaller than experimental values (D 
ranging between 10 and 30 nm, from TEM). Thus, the cou- 
pling between the hard and soft phases is stronger than it is 
in the real system. In turn, the calculated coercivity is larger 
than it is in the real system and this result suggests that the 
coercivity of nanocomposite materials can be improved by 
favoring a small and homogeneous size of the constituent 
crystallites. This observation is in agreement with the opti- 
mal grain size for both coercivity and remanence enhance- 
ment that was determined numerically by different authors,8 

and which is close to 10 nm. 
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We have investigated, in the framework of the micromagnetic approximation, the relaxation 
behavior of both simple systems and systems having distributed properties. In the case of 
single-particle-type systems, our study focused on the exchange constant dependence of the 
so-called "waiting time" for the onset of the relaxation to conclude that this parameter linearly 
increased with the increase of the exchange constant. Our results for the relaxation of 
polycrystalline-type systems having distributed anisotropy easy axes showed the occurrence in 
limited time ranges of a magnetization decrease which was adequately fitted by the M(t) 
-M(0)<* ln(t+t0) law. The exchange constant dependence of the additive fitting parameter in the 
logarithmic law qualitatively reproduced that of the waiting time indicating that both parameters 
were linked to the same underlying characteristic of the demagnetization process: the coupling of 
the magnetic moments forming the domain-wall-like structures through which the system reversed 
its magnetization.   © 1998 American Institute of Physics. [S0021-8979(98)33411-8] 

The occurrence of magnetic relaxation1 is typically iden- 
tified with the observation of a time variation of the magne- 
tization of a sample which is kept under constant applied 
demagnetizing field and temperature. The interest on mag- 
netic relaxation is related to two main problems: the experi- 
mental study of the behavior of systems having high struc- 
tural homogeneity and reduced dimensionality (as thin films, 
multilayers, and sets of nanoparticles2'3); and the analysis of 
the behavior of very simple systems as isolated particles.4 

Whereas the first point is of major relevance for the magnetic 
recording technology, the second one could allow the under- 
standing of the basic relaxation mechanisms of systems hav- 
ing many degrees of freedom.5 The conventional analysis of 
the magnetic relaxation processes6 assumes that (i) the sys- 
tem can be replaced by a set of noninteracting subsystems 
with two-level-type behavior, and (ii) each subsystem re- 
laxes according to the Arrhenius kinetics. This treatment has 
some relevant limitations: (i) it ignores the fact that the field 
induced magnetization reversal involves several stages in the 
nucleation-expansion-propagation-pinning sequence,7 (ii) it 
does not provide any explicit relationship between the relax- 
ation behavior and the defect distribution of the sample, (iii) 
it ignores any exchange and dipolar interactions, and (iv) 
arbitrarily assumes a particular relaxation kinetics mainly in- 
voked to account for the quasilogarithmic relaxations ubiq- 
uitously observed in hard magnetic materials.8 Regarding 
these limitations the authors have recently discussed in sev- 
eral works9 the behavior of simple systems in terms of free 
energy micromagnetic models. In these works it is shown 
that the thermally activated magnetization reversal cannot be 
described in terms of the Arrhenius predictions since, simi- 
larly to hysteresis, it takes place through a nucleation- 
propagation process and involves a "waiting time" during 
which the macroscopic state of the system varies slowly. 

Recent experimental results,10 obtained in highly homoge- 
neous thin films, evidence the actual occurrence of the basic 
relaxation features predicted in Ref. 9. Our purpose in the 
present work was to investigate the system parameter depen- 
dence of the relaxation behavior of model polycrystalline 
systems and to compare the obtained results with those cor- 
responding to simple systems. The considered models9 con- 
sist of a long chain of infinite parallel planes. The internal 
energy of the systems includes anisotropy, Zeeman, ex- 
change, and magnetostatic interactions.9 The intrinsic prop- 
erties of our system are described by the following param- 
eters: (i) the exchange energy-to-anisotropy energy ratio, a 
=Ad~2/2K (where A is the exchange constant, d is the in- 
terplanar distance, and K the uniaxial anisotropy constant); 
(ii) the square of the magnetization-to-anisotropy energy ra- 
tio, m — /a0M

2
s/2K (where Ms is the saturation magnetiza- 

tion), and (iii) the reduced applied field, h = fi0MsH/2K 
(where H is the applied field directed along the z direction of 
our reference system). We have considered two different 
types of systems: (a) single-grain-like systems having homo- 
geneous easy anisotropy axis and (b) polycrystalline-like 
systems which are divided in 100 "grains" (each one having 
50 planes). In the case of the polycrystalline-like systems the 
easy directions corresponding to the different grains are uni- 
formly distributed in a cone having an apex angle of a de- 
grees and a symmetry axis parallel to the Z. In the single- 
grain systems the easy axis is contained in the YZ plane and 
forms a 10° angle with the Z direction. Our simulations were 
carried out at a temperature corresponding to 10~4 of the 
maximum anisotropy energy per unit surface attainable by 
the system. The field and time evolution of the system con- 
figurations was followed by minimizing their energy by 
means of a Monte Carlo algorithm implemented with Me- 
tropolis dynamics. In this context, we define a Monte Carlo 
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FIG. 1. Typical evolution, at constant applied field, of the reduced magne- 
tization with the number of MCS. Single-grain systems: (a) a = 2, (b) a 
= 20(m = 0.15). 

step (MCS) as the process corresponding to the introduction 
of a random modification in all degrees of freedom of the 
system. If the attempt frequency for those modifications is 
known (through an independent argument), the number of 
MCS can be converted in real-time units. In Figs. 1(a) and 
1(b) we present results corresponding to the (time) MCS 
evolution of the magnetization of two single-grain-like sys- 
tems having exchange-to-anisotropy ratios of 2 and 20, re- 
spectively (see the other system parameters in the caption). 
The relaxation curves were obtained under a constant re- 
duced field h = 0.99hc (hc being the coercive force of the 
system, evaluated from the + Z saturated state, by consider- 
ing a field decrement ofA/i=10~3 and a relaxation stage of 
1500 MCS). In both systems, the occurrence of a waiting 
time and that of a complete magnetization reversal in a finite 
number of MCS are apparent. As previously discussed9 both 
facts are related to the accomplishment of magnetic relax- 
ation through a process involving the nucleation and propa- 
gation of domain-wall-like structures. Figure 2 presents our 
results for the dependence on the exchange-to-anisotropy ra- 
tio of the waiting time observed in single-grain-like systems. 
The observed linear increase of the waiting time is related to 
the increase, with the parameter, of the number of moments 
involved in the wall structures responsible for the magneti- 
zation reversal (the typical number of moments forming 
these structures varies with a as am). Figures 3(a) and 3(b) 
present relaxation results corresponding to poly crystalline- 
like systems having different exchange-to-anisotropy ratios. 

Exchange-to-anisotropy ratio 

FIG.  2.   Single-grain system. Variation of the waiting time with the 
exchange-to-anisotropy ratio. 

These results were obtained under a reduced applied field h 
= 0.91hc (hc was evaluated as detailed above). Similarly to 
the case of the single-grain-like systems, it is possible to 
observe in these figures a time interval of slow demagneti- 
zation rate and the accomplishment of complete relaxation in 
a finite time. In Figs. 4(a) and 4(b) we have plotted in a 
logarithmic scale the relaxation data presented in Figs. 3(a) 
and 3(b). As it is possible to observe in these figures a loga- 
rithmic law is not adequate to describe the whole relaxation 
process (as, for instance, a stretched exponential would be) 
but it describes reasonably well the (time) MCS region cor- 

FIG. 3. Typical evolution, at constant applied field, of the reduced magne- 
tization with the number of MCS. Polycrystalline system: (a) a = 2, (b) a 
= 20(m = 0.15). 
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responding to the highest demagnetization rates (indicated in 
the figures by large symbols). In fact, the law giving the best 
fit to our data in these regions is given by M(MCS) 
-M(0)= -S ln(MCS+MCS0), where the MCS0 fitting pa- 
rameter translates the occurrence of a slow demagnetization 
regime. This point has been evidenced through to different 
simulations. In Fig. 5 we present the MCS0 dependence on 
the exchange-to-anisotropy ratio which qualitatively repro- 
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FIG. 6. Variation of MCS0 with the degree of texture (MCS0 is normalized 
to MCS*), the waiting time value corresponding to a single-grain system 
having the same model parameters. 

duces that observed in the case of the single-grain-like sys- 
tems. The magnitude of MCS0 is about five times smaller 
than that obtained for the waiting time (considering the same 
system parameters) in the case of the single-grain-like sys- 
tems. Nevertheless, direct comparison of both sets of results 
is not possible due to the fact that in the polycrystalline-like 
systems significant inhomogeneities are present, due to the 
easy axes distribution, in the magnetic moment configura- 
tions corresponding to the remanent states and these inhomo- 
geneities are effective as wall nucleation centres.9 Figure 6 
shows our results for the MCS0 dependence on a (the param- 
eter measuring the degree of texture of the polycrystalline- 
like systems). The data in the figure (obtained for h 
= 0.95hc, a = 2, m = 0.15) were normalized to MCS*, the 
waiting time corresponding to a single-grain system having 
the same model parameters. MCS0 increases with the de- 
crease of a (that is with the increase of the degree of texture) 
evidencing its relationship to the degree of order of the re- 
manence moment configuration from which the thermally 
activated reversal proceeds. 
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FIG. 5. Polycrystalline system. Variation of the MCS0 parameter with the 
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Voltage dependence of magnetoresistance in spin dependent 
tunneling junctions 

J. Zhang and R. M. White3» 
Data Storage Systems Center, Department of Electrical and Computer Engineering, 
Carnegie Mellon University, Pittsburgh, Pennsylvania 15213 

The voltage dependence of magnetoresistance in spin dependent tunneling (SDT) junctions was 
studied experimentally and theoretically. Different magnetoresistance (MR)-V dependence in 
various patterned junctions was observed and correlated with other technologically important 
parameters, including the magnitude of the MR, linearity of the current-voltage characteristic, 
temperature dependence of the junction resistance, and the MR. A phenomenological model based 
on a spin-independent two-step tunneling via defect states in the barrier, in addition to the 
spin-dependent direct tunneling, is proposed to account for the MR-V dependence. The MR ratio is 
determined by the ratio of the two currents. The MR-V dependence results from a stronger voltage 
dependence of the two-step tunneling current compared to that of the direct tunneling current. The 
same model also satisfactorily predicts other properties of SDT junctions. A high quality barrier is 
required to minimize the MR-V dependence and improve other junction properties. The approach to 
achieving desirable junction impedance for data storage applications is discussed. © 1998 
American Institute of Physics. [S0021-8979(98)28311-3] 

I. INTRODUCTION 

Tremendous progress has been made recently in achiev- 
ing high room temperature magneto (MR) ( — 20%) in mi- 
crostructure spin dependent tunneling (SDT) junctions at low 
field.1'2 However, there is a lack of understanding for one of 
the most puzzling features of SDT junctions, i.e., the voltage 
dependence of the MR. Although the detailed voltage depen- 
dence of the MR varies from junction to junction, the MR 
generally decreases as the voltage increases and falls to half 
of the low bias MR at a voltage of several hundred 
millivolts.3 Understanding this effect is not only critical to 
optimize SDT device performance for potential data storage 
applications, but also provides critical insights into magne- 
totransport properties of SDT junctions. This article studies 
the MR-V dependence experimentally and theoretically. A 
simple yet effective model based on a second tunneling 
mechanism, in addition to the ideal direct tunneling, is pro- 
posed for the first time to interpret the MR-V dependence 
and its correlation with other technologically important prop- 
erties of SDT junctions. 

II. EXPERIMENTS AND RESULTS 

SDT trilayers with the structure ferromagnetic 
(FM)I/FM were sputter deposited on Si substrates with a 
thermally oxidized surface in a Perkin-Elmer 2400-8L sput- 
tering system. The insulating barrier AlO^ was formed by 
oxidizing an ultrathin Al layer in an Ar/02 plasma. A mag- 
netic field was applied during deposition to define a uniaxial 
anisotropy of the FM layers. Sheet films show clear magnetic 

"'Electronic mail: white@gauss.ece.cmu.edu 

loop separation, indicating a weak interlayer coupling. They 
were subtractively patterned into SDT junctions using a pho- 
tolithographic process similar to other reported approaches.4 

Precautions were taken during the processing to avoid short- 
ing of top and bottom electrodes near junction edges, break- 
down of oxide barriers, and unreliable contact between leads 
and electrodes. These actions guarantee that subsequent mea- 
surements reveal the intrinsic junction properties. 

Two groups (A and B) of SDT junctions were studied 
for comparison. Both groups have the structure 
Si/SiO2/FMl(125Ä)/Al-Al<VFM2(150Ä), where FM1 
can be NiFe or NiFeCo, and FM2 can be Co or CoFe. The 
major difference between the two groups lies in the oxide 
barrier. The 17 Ä barrier in group A was formed by glow 
discharge5 with a high cathode voltage of around - 1000 V. 
The 20 Ä barrier in group B was formed by oxygen plasma 
etching6 with a low substrate voltage of -40 V. Sheet films 
in group A were deposited at Nonvolatile Electronics, Inc. 
(NVE) and patterned into devices at CMU. The MR was 
measured using a dc four-probe method. Most junctions 
show a clean MR-H response. The room temperature MR at 
low voltage ranges from below 1% to as high as 17%. The 
current-voltage (/- V) characteristics and the MR-V depen- 
dence were obtained by sweeping the voltage from 10 to up 
to 500 mV. The temperature dependence data were acquired 
by heating the junction with flexible heaters to up to 100 °C. 

The junctions in these two groups show very different 
behavior. Junctions in group A show a high MR of up to 
17% at room temperature, while junctions in group B show a 
much lower MR. On the other hand, the MR of group B 
junctions show a much stronger voltage dependence than 
group A junctions. Typical MR-V dependencies are plotted 

0021-8979/98/83(11 )/6512/3/$15.00 6512 © 1998 American Institute of Physics 
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FIG. 1. Typical room temperature MR-V dependence of junctions in groups 
A and B. MR is normalized to low bias MR for comparison. Dashed lines 
show model predicted MR-V dependence. 
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FIG. 3. Temperature dependence of junction resistance. The resistance is 
normalized to /?Ti at room temperature. 

in Fig. 1. This is consistent with the correlation of MR-V 
dependence and MR observed by other groups.1 Unlike other 
reported results,3 however, no large asymmetry with regard 
to the bias polarity was observed. The I- V characteristics of 
group B junctions are more nonlinear than group A junc- 
tions, as shown in Fig. 2. A decrease of the MR at increased 
bias is accompanied by the onset of pronounced nonlinearity. 
In addition, the resistance and the MR of group B junctions 
show a much stronger temperature dependence compared to 
group A junctions, as shown in Figs. 3 and 4. This experi- 
mental data indicates a correlation between the MR, the I- V 
characteristic, and the MR-V, MR-7\ and R-T dependencies. 
We shall propose a simple yet effective theory to explain 
these correlations. 

III. A PHENOMENOLOGICAL MODEL 

The spin dependent tunneling theory by Julliere7 at low 
temperature and voltage is widely accepted. The theory as- 
sumes direct tunneling with no spin flipping. However, the 
theory based on this assumption fails to explain the voltage 
and temperature dependence of junction properties. For ex- 
ample, the predicted temperature coefficient of the junction 
resistance is on the order of -0.1%/°C, much less than 
observed for group B junctions. The calculated MR-V and 
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FIG. 2. Typical I-V characteristics of junctions in two groups. The resis- 
tance is normalized to the low bias resistance for nonlinearity comparison. 

MR-r dependence is also much weaker than experimental 
results. The discrepancy suggests that other factors, such as 
other tunneling mechanisms or spin flipping processes, must 
be considered to complete the description. 

The strong R-r dependence shown by group B junc- 
tions, which is not predicted by the conventional tunneling 
theory, suggests a thermal activation process. We suggest 
that there exist localized defect states in the barrier. Excita- 
tion of electrons from these states, either thermally or by hot 
electron impact, create states available for two-step 
tunneling,8 as shown in Fig. 5. Because these thermally gen- 
erated states are not polarized, the two-step tunneling is spin 
independent and does not contribute to MR. The MR is re- 
duced by this spin-independent current and can be expressed 
as 

MR = 
V'para    ■'anti/''a MR„ 

l+V/an« l+hlh 
(1) 

para where I2 is the current carried by the two-step tunneling. 7L 

and 7anti are spin dependent currents carried by the direct 
tunneling when magnetic moments are parallel and antipar- 
allel, respectively. M#max~(/para-/anti)//anti is approxi- 
mately the MR given by Julliere's model7 when there is no 
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FIG. 4. Temperature dependence of MR normalized to room temperature 
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bias and the temperature. Based on the results from hot elec- 
tron studies, we have assumed a form for Ttff(V,T) given by 
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FIG. 5. Schematic view of the two-step tunneling via defect states. 

spin mixing. It is clear that the ratio of the spin-dependent 
and spin-independent currents determines the MR. If the tun- 
neling current is mainly carried by the two-step tunneling, a 
low MR is expected. It should be pointed out that other fac- 
tors, such as a thick layer of unoxidized Al layer, also lead to 
a low MR. However, this possibility has been ruled out in 
our case by the process control. 

The voltage and temperature dependence of the two-step 
tunneling current is the key to understanding the voltage and 
temperature dependence of junction properties. For simplic- 
ity, it is assumed that the defect states in the barrier are 
uniformly distributed, both spatially and energetically. The 
energetic distribution of the available defect states is gov- 
erned by a Fermi-Dirac function 

/(£) = l+exV[(Ec-E)/kTeffy 
(2) 

where E is the energy level of the defect state, Ec is the 
energy level of the barrier conduction band edge, k is the 
Boltzmann constant, and Tef{ is the effective barrier tempera- 
ture. As suggested by Eq. (2), the density of available states 
increases exponentially as the energy level increases. There- 
fore, the two-step tunneling current, which is proportional to 
the vacant defect state density, increases quickly at an in- 
creased bias voltage. The two-step tunneling current calcu- 
lated by this model quickly exceeds the direct tunneling cur- 
rent at increased voltage. This leads to a decrease in the MR, 
according to Eq. (1). This model also indicates that the two- 
step tunneling is mainly responsible for the nonlinearity of 
the /- V characteristic. Therefore, the observed correlation of 
MR, MR-V dependence, and I-V characteristic can be ex- 
plained. 

reff is a parameter in this model. It determines the non- 
linearity of the I-V characteristic of the two-step tunneling, 
and therefore, the MR-V dependence. Our fit to the MR-V 
dependence data at room temperature in Fig. 1 gives a value 
of kTe{{ of the order of 0.2 eV. This 7/eff is higher than the 
ambient temperature, and is possibly due to the presence of 
hot electrons in the barrier. In metal-oxide-semiconductor 
(MOS) devices, trap state generation in the gate oxide is 
enhanced by high electric fields and temperature.9 Similarly, 
reff for SDT barriers is expected to increase with the voltage 

kTe{f= J{CkT)2 + [eV{ exp(V/V2)]
2, (3) 

where Vx, V2, and C are free parameters which depend on 
the material properties of the barrier. The first and the second 
term in the square root represent the effect of temperature 
and voltage, respectively. C represents the indirect effect of 
temperature on the excitation process10 and can be deter- 
mined from the temperature dependence data, while Vj and 
V2 can be determined from the voltage dependence data. 
This expression was found to fit the experimental data rea- 
sonably well for voltages between 10 and 500 mV. The pre- 
dicted MR-V dependence based on this model is plotted in 
Fig. 1. The parameters used are C=3.0, V^O.2 V, and V2 

= 10.0V. Different ratios of the spin-dependent and the 
spin-independent currents are required for junctions in group 
A and B. 

It can be shown that the two-step tunneling has a stron- 
ger temperature dependence than the direct tunneling. There- 
fore, the temperature dependence of the junction properties 
can also be explained by this model. These details are cov- 
ered elsewhere. 10 

IV. DISCUSSIONS AND CONCLUSIONS 

Based on the model discussed in Sec. Ill, the current in 
group A (B) junctions with a high (low) MR is mainly car- 
ried by the spin-dependent direct tunneling (spin- 
independent two-step tunneling). Though other factors might 
lead to the observed voltage and temperature dependence of 
junction properties,1 it is believed that this dependence is 
mainly attributed to the nonperfect nature of the barrier and 
the strong voltage and temperature dependence of the two- 
step tunneling. Therefore, the key to improving the MR and 
minimizing the voltage and temperature dependence is high 
quality barriers with low defect state density. In particular, a 
thin barrier is preferred to a low barrier as this will also 
reduce the resistance of the junction. 

ACKNOWLEDGMENTS 

Authors thank Dr. J. M. Daughton and Dr. D. Wang at 
NVE for their help in depositing some of the films used in 
this work. This work was supported by the National Science 
Foundation under Grant. No. ECD-8907086. U.S. Govern- 
ment has certain rights to this material. 

>J. S. Moodera and L. R. Kinder, J. Appl. Phys. 79, 4724 (1996). 
2W. J. Gallagher, S. S. P. Parkin, Y. Lu, X. P. Bian, A. Marley, K. P. 
Roche, R. A. Altman, S. A. Rishton, C. Jahnes, T. M. Shaw, and G Xiao, 
J. Appl. Phys. 81, 3741 (1997). 

3A. C. Marley and S. S. P. Parkin, J. Appl. Phys. 81, 5526 (1997). 
4R. S. Beech, J. Anderson, J. Daughton, B. A. Everitt, and D. Wang, IEEE 

Trans. Magn. 32, 4713 (1996). 
5W. Schroen, I. Appl. Phys. 39, 2671 (1968). 
6J. H. Greiner, J. Appl. Phys. 42, 5151 (1971). 
7M. Julliere, Phys. Lett. A 54, 225 (1975). 
8E. L. Wolf, Principles of Electron Tunneling Spectroscopy (Oxford Uni- 
versity Press, Oxford, 1985). 

9P. P. Apte and K. C. Saraswat, IEEE Trans. Electron Devices 41, 1595 
(1994). 

10J. Zhang, Ph.d. dissertation, Carnegie Mellon University, 1997. 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Bias voltage and temperature dependence of magnetotunneling effect 
Yu Lu,a) X. W. Li, and Gang Xiao 
Brown University, Providence, Rhode Island 02912 

R. A. Altman and W. J. Gallagher 
IBM, Yorktown Heights, New York 10698 

A. Marley, K. Roche, and S. Parkin 
IBM Almaden, San Jose, California 95120 

We have studied systematically the magnetotunneling properties of several metallic magnetic- 
tunnel-junction systems (Ni80Fe2o-insulator-Ni80Fe2o,Ni80Fe2o-I-Co,Co-I-Co, Ni40Fe60-I-Co). 
The room-temperature magnetoresistance MR value at zero-bias ranges between 16% and 27%, 
depending on the spin polarization of the electrodes. There seems to be a general bias dependence 
of MR in all of these systems. In particular, it requires a bias in the range of 0.22-0.23 V to suppress 
the maximum MR value by half. We have also measured the bias dependence of MR as a function 
of barrier parameters (thickness and oxidation time). At low temperature, a sharp cusplike feature 
appears near zero bias. In some cases, low-temperature MR values substantially exceed expectations 
from established spin-polarization. © 1998 American Institute of Physics. 
[S0021-8979(98)47311-0] 

Magnetic-tunnel junctions (MTJs) are emerging as a 
new class of magnetoresistive (MR) devices.1-7 MTJs have 
demonstrated a number of technical advantages over the ex- 
isting giant magnetoresistance (GMR) devices. Metallic 
GMR structures are inherently highly conductive, so a large 
current density is required to generate enough voltage signal. 
For a tunnel junction, however, device resistance can in prin- 
ciple be controlled by barrier parameters. 

Magnetic-tunnel junctions have been studied since the 
1970s. One of the perplexing properties observed since then 
is a strong supression of magnetoresistance with bias voltage 
on a junction.5'8-10 This bias voltage dependence could con- 
vey information about the detailed process of spin-polarized 
tunneling. In this paper, we present an on-going study of the 
bias voltage and temperature dependence of MTJs particu- 
larly with transition metals and alloys as both electrodes. 

The magnetic-tunnel junctions employed in this study 
are made by magnetron sputtering. The base pressure of the 
deposition system is lower than 1X10-8 Torr. A typical 
layer sequence is represented in Fig. 1(a). A thin layer of Al 
was deposited and subsequently plasma oxidized in the 
chamber to form the tunnel barrier. The nominal thickness of 
this Al layer is in the range of 5-15 A. The oxygen pressure 
during oxidation is 100 mTorr, and oxidation times range 
from 30 s to 7 mins. A ferromagnet-antiferromagnet- 
ferromagnet (FM-AFM-FM) sandwich structure is depos- 
ited to provide exchange biasing for the bottom electrode. 
This technique separates the magnetic response of the top 
electrode from that of the bottom, and enables us to attain 
saturated antiparallel configurations of the junction. After the 
deposition, a lithographical patterning procedure was used to 
fabricate the MTJ devices as small as 1 X 1 /urn.2 The details 
of this process have been described elsewhere.5"7 

The   blanket   multilayer   films   are   examined   by   a 

vibrating-sample magnetometer at room temperature after 
the deposition. Figure 1(b) shows a typical result. Three dis- 
tinct hysteresis loops of varying sizes can be clearly seen, 
corresponding to the three ferromagnetic layers in the FM- 
AFM-FM sandwich structure of the bottom electrode, and 
have been shifted due to the exchange biasing effect. The 
centered hysteresis loop is generated by the top electrode. 
For more details about the magnetic properties of MTJs, re- 
fer to Refs. 5 and 6. 

The hysteresis loops of the two electrodes are well re- 
produced by the tunneling resistance of the junction, as 
shown in Fig. 2(a). Between the hysteresis loops, the mag- 
netization of the electrodes are antiparallel to each other, and 
junction resistance is maximized due to the mismatch of 
spin-polarized bands across the tunnel barrier. At higher field 
in either direction, the electrodes are aligned to be parallel 
and junction resistance reduces to a minimum value. This 
magnetoresistance effect can be understood qualitatively in 
the framework of the two-current model, first proposed by 
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FIG. 1. (a) Layer sequence of a typical MTJ junction with exchange biased 
bottom electrode, and (b) the magnetization curves of one blanket multilayer 
film consisting of the MTJ structure. Three distinctive hysteresis loops can 
be seen corresponding to the three ferromagnetic layers in the film. 
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FIG. 3. (a) Bias dependence (room temperature) of junction resistance in 
both parallel (solid) and antiparallel (dashed) configurations and MR in a 
series of junctions with a Co base electrode and Ni80Fe20 counter electrode, 
but different barrier fabrication conditions (shown in the insets), (b) Same 
plots as (a) for a series of junctions with various electrode material combi- 
nations (shown in the insets). 
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FIG. 2. (a) Resistance vs magnetic-field curves of a typical MTJ device at 
room temperature; the geometry of the junction as well as the relative ori- 
entation of exchange bias, easy axis, and external field are shown in the 
inset, (b) Differential junction resistance in parallel (solid) and antiparallel 
(dashed) configurations as a function of dc bias voltage on the junction, (c) 
Magnetoresistance, calculated using the differential resistance data, as a 
function of dc bias. 

Julliere.1 Assuming the two spin species of electrons tunnel 
through the barrier independently, the two-current model 
predicts the magnetoresistance, defined as the difference in 
resistance divided by the minimum value, as 

AR Rn-R TT 
R 

— 1 = 
1- 

TT 'AP 1-PXP2 
-1 = 

2P,P \r2 

l-P,P \r2 

(1) 
where P\ and P2 are the spin-polarization factor of the two 
electrodes. The spin polarization of a number of materials 
has been measured in a series of tunneling experiments be- 
tween ferromagnets and superconductor (FM-I-S) by 
Meservey and Tedrow.11 We will later assemble a compari- 
son of our results with these spin-polarization factors. 

The simple two-current model does not take into consid- 
eration the effects of electron band structure, tunnel barrier 
transmission, and spin-flipping excitations into consider- 
ation, and thus, predicts no bias voltage dependence for the 
magnetoresistance. Experimenters,1""4 however, have always 
observed a substantial decrease in MR with the application 
of bias. The differential resistance in parallel (solid) and an- 
tiparallel (dashed) states as well as the MR of one of our 
junctions are plotted versus dc bias in Fig. 2(b). The bias 
dependence of the differential resistance has the general fea- 
ture of a metal-insulator-metal tunnel junction in that resis- 
tance decreases with bias and has a smooth maxima close to 
zero bias. The detailed shape of the curve shows deviations 
from simple calculations such as Simmon's formula. 

We have measured the bias dependence of R and MR in 
MTJs with various electrode material and barrier parameters. 
The results are summarized in Figs. 3(a) and 3(b). Figure 

3(a) plotted the bias dependence of R and MR in a series of 
junctions all with a Co base electrode and permalloy 
(Ni80Fe2o) counter electrode, but differing barrier fabrication 
conditions. The junction conductance has been normalized 
by junction area, and thus, provides a measure of the barrier 
transmission coefficient. The graphs are ordered such that the 
parameter 7?* area (inverse unit-area conductivity) decreases 
from the top graph. Nominal thicknesses of the Al layer as 
well as oxidation times are indicated in the insets with each 
pair of curves. Due to the exponential dependence of tunnel- 
ing conductance on barrier thickness and height, R* area of 
these samples vary by more than a factor of 20 even though 
the barriers are very similar. It is evident from this set of 
curves that little if any change in the bias dependence of 
tunneling resistance and MR is incurred by changing the 
barrier transmission, within the range of our data. 

Figure 3(b) shows the same representative bias depen- 
dence for a series of junctions with different electrode mate- 
rial combinations. Although the material combinations are 
far from complete, the data seem to suggest a correlation 
between the bias dependence of the junction resistance with 
the material of the negatively biased electrode. Particularly, 
when the Co electrode is negatively biased there is a dip in 
the resistance curve at about 150 mV, and when Nig0Fe20 is 
negatively biased this feature is not present. This observation 
is consistent with the band-structure effect. Since the tunnel- 
ing current comes mostly from electrons near the Fermi level 
of the positive electrode, which are closest in energy to the 
barrier top, variation in their tunneling probability as a func- 
tion of bias is a mapping of the negative electrode's density 
of states above its Fermi level. Differences in the electrode- 
barrier interface cannot be ruled out as another possible 
cause of this correlation. The bias dependence of the MR 
ratio, however, does not vary as much as the resistance itself. 
Although the maximum MR ratio changes from 12% to 28%, 
the bias voltage needed to suppress the MR to half of its 
maximum value within each junction falls within the narrow 
range of 220-230 mV. We have not identified any correla- 
tion between electrode material and variations in the half- 
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FIG. 4. (a) Bias dependence of R and MR of one MTJ at reduced tempera- 
tures. Plots follow the same convention used in Figs. 3(a) and 3(b). (b) 
Junction resistance and MR plotted as a function of temperature. 

maximum bias voltage or the slight asymmetry in the MR 
curves. This surprisingly "universal" behavior is difficult to 
understand considering the close relationship between the 
spin polarization of the material and the MR. Since all these 
measurements are carried out at room temperature, the un- 
derlying mechanism should have a correspondingly high- 
energy scale. This is also indicated by the size of half- 
maximum bias. 

We have also measured the bias dependence of MTJs at 
reduced temperature. The results are summarized in Fig. 
4(a). As the samples are cooled from room temperature, a 
cusplike peak gradually develops at zero bias. This peak is 
limited within about +/—lOOmV, and is much more pro- 
nounced in the antiparallel configuration than in parallel 
case. This zero-bias peak and the difference in peak height 
for the two magnetic configurations account for most of the 
increase in both junction resistance and MR at zero bias, 
which are plotted in the Fig. 4(b). This cusplike peak has 
been attributed to magnon excitations at the electrode-barrier 
interface by Zhang et al.12 This theory has predicted some 
significant characteristics of the zero-bias peak, such as the 
cusplike shape and the size difference in the two magnetic 
configurations. We have not been able to distinguish the pre- 
dicted T log T functional form of the temperature depen- 
dence of the zero-bias resistance from other possibilities. 
Aside from the zero-bias peak just discussed, the general bias 
dependence at higher voltage ranges does not change signifi- 
cantly with temperature. 

Figure 5 compares our results with those of Meservey 
and Tedrow. The horizontal position of the points shows the 
MR values calculated using formula (1). The vertical posi- 
tions then indicate the highest MR measured in each group 
of junctions, at room temperature (filled) and liquid-helium 
temperature (open). The room-temperature MR (black 
square) is generally 70%-90% of the predicted value, while 
low-temperature values have less dependence on electrode 
material and, for low P materials, are much higher than pre- 
dicted. The reduction of MR at room temperature could 
come from the smearing of the Fermi surface or from ther- 
mally activated conduction that is spin independent. Another 
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FIG. 5. Maximum MR values measured for MTJs with several electrode 
material combinations vs predicted values using the two-current model and 
spin-polarization factors measured in FM-I-S tunneling experiments. 
Room-temperature data are plotted as filled circles and liquid-helium tem- 
perature data as open circles, and solid lines indicate the prediction. 

factor to be concerned is the loss of magnetization at el- 
evated temperature, i.e., magnon excitation in the material or 
at the interface. Although the low-temperature data are not as 
extensive as those at room temperature, the continuity in 
temperature dependence and consistency in different junc- 
tions clearly precludes defects as the reason for the higher 
MR observed. Whether this discrepancy is due to some 
subtle difference between FM-I-S and FM-I-FM tunneling 
or other spin-dependent effects beyond the two-current 
model is unknown. It is also possible that the polarization 
values determined 20 years ago may need to be refined. 
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Finite bias spin dependent tunneling: A nonequilibrium Green's 
function approach 

Xindong Wanga) 

Metals and Ceramics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-6114 

The nonequilibrium Green's function theory is applied to a model spin dependent tunneling system 
at finite bias. In the limit of zero bias, the present result agrees with that of Landauer's formula. For 
finite bias, it is found that as the bias increases, the magnetoresistance ratio decreases. © 1998 
American Institute of Physics. [S0021-8979(98)28811-6] 

I. INTRODUCTION 

Spin dependent tunneling has attracted ever growing at- 
tention due to its vast potential applications. It was recently 
reported by Marley and Parkin1 that the magnetoresistance 
ratio (MR) decreases as the voltage bias increases. The MR 
is defined here to be R^-R^/R^ + Rn , where R^ is the 
resistance of the magnetic-metal-insulator-magnetic-metal 
tunnel junction when the magnetizations on both sides of the 
junction are parallel, and R^ is the resistance of the tunnel 
junction when the magnetizations are antiparallel to each 
other. In this article, the nonequilibrium Green's function 
approach2 is applied to a model for finite bias spin dependent 
tunneling. In the zero-bias limit, the present result agrees 
with Landauer's formula.2 It is found that the observed bias 
dependence of the MR can be explained within a simple 
model without evoking more complicated mechanisms. 

In the next section, a brief derivation of the formalism 
based on the nonequilibrium Green's function theory is pre- 
sented. The formalism is applied to a simplified model for 
finite bias spin dependent tunneling and numerical results are 
presented. 

II. NONEQUILIBRIUM GREEN'S FUNCTION 
APPROACH TO TUNNELING 

In order to make clear the notation used in this article, 
we will outline the main results of nonequilibrium Green's 
function theory here. A detailed exposition of the theory can 
be found in Ref. 2. The three Green's functions used in this 
article are the correlation function Gn(r,r';t,t'), the re- 
tarded Green's function Gr(r,r';t,t'), and the advanced 
Green's function Ga(r,r'\t,t'). They are defined as 

Gn(r,r';t,t') = i(y\r',t')V(r,t)}, (1) 

Gr(r,r';t,t') = -i0(t-t')({V(r,t),yHr',t')}+),   (2) 

and 

Ga(r,r';t,t') = i6(t' -t)({V(r,t),VHr' ,t')} + ) (3) 

where h = 1 is adopted throughout this article. Since only 
steady states are considered in this article, the time depen- 

dence of all the Green's functions is just on t — t'. We will 
only need to work with their time Fourier transformations 
defined as 

1 
G(<u)=—     dt G(t)exp(ia>t). 

2T7 J 

The retarded (advanced) Green's function satisfies 

[ü>-T-V-V(a){a>)]Gr{a\u) = l, (4) 

where the Xr(a) is the self-energy operator and X" = (X'')t. 
For steady state, the correlation function G" is related to 

the other two Green's functions as 

Gn = GrXnGa, (5) 

where 2" is the self energy for G". 
For fermions in equilibrium, X" is related to Xr through 

%tt=-2if(o))lm(Zr), (6) 

where/(w) is the Fermi-Dirac distribution function. 
For the tunneling devices to be modeled in this article, 

the system is separated into three regions, left reservoir (in- 
finite lead), device region, and right reservoir (infinite lead). 
In the reservoirs, quasithermal equilibrium is assumed so that 
we have fL{co) and fR((o) for the left and right reservoir, 
respectively. Accordingly, X" is decomposed into three 
parts: 

X" = X2+X£ + X£, (7) 

where locality of the three parts are assumed so that 

S£(Ä)(a>) = -2i/L(Ä)(ü))Im[Sr(ü>)], (8) 

and Xß originates in the dissipative processes within the de- 
vice region. Since in the two-probe setup, the reservoir is 
taken to be the infinite lead with infinitesimal Im Xr= — rj 
<0, we have 

2Zw=2i57A(Ä)(6»)öL(Ä)(r)5(r-r') (9) 

with the limit rj—>0+ to be taken last. Here 0L(Ä)(r) is a step 
function which is one when r is inside the left(right) reser- 
voir and zero otherwise. 

Once G" is known, the tunneling current density is 

e   f  da> 
J=--      — limVG"(r,r';<u). (10) 

m J   n~ 2TT 

"'Electronic mail: yxv@ornl.gov 

In the following, we will adopt Rydberg units in which 
the electron mass, m, is 1/2. For a laterally uniform system, 
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the following two-dimensional Fourier transformation sim- 
plifies the problem to an effective one-dimensional problem 

G(X)(r,r')= ^2 / d\ e'^-*'>G(2)(z,z';a>), 

(11) 

Substituting these Fourier transformations into Eq. (4), 
we have 

^ + a>-q2-V(z^Grja\z,z';co)- j dZl 2q
(fl) 

x(z,z1;<o)GrJa\zl,z';co) = S(z-z'). 

From Eq. (5), we have 

Gq(z,z';tt»)=    dz\    dz2 

(12) 

Gyz,z1;fl))2;(z1,z2;<a)G;(z2,z';6,). 

Let the device region be within [ZL,ZR], and 

V(z)=VL    when z<ZL, 

V(z) = VR    when z>ZR. 

Let us further assume that 

2(z,z') = 5(z-z')2(z) 

for all 2. 
With this local self energy, the retarded and advanced 

Green's functions have simple forms as given below. Define 
the following function: 

(13) 

(14) 

(15) 

(16) 

-7 + to-q2-V{z)-Xr
Q(z;(o))ilfZ(z;<o) = 0        (17) 

with the following boundary conditions: 

i{/q(z;(o) = exp(ikRz)    when z>ZR 

and 

i//~(z;(o) = &xp(-ikLz)    when z<Zt 

withk2
R(L) = (o-q2-VR(L). 

Then we have for the retarded Green's function, 

_.    ,   ,   <Aq(z>;«)<Aq(z<;«) 

and for the advanced Green's function, 

ip+Az>;c)*<p-{z<;oy)* 

(18) 

(19) 

GaJz,z';<o)='9 
+ ,ir\* WV") 

(20) 

(21) 

where z>(<) is the larger(smaller) argument of z and z' and 
the wronskian is 

. d^ dif>-    ^ 
W(ip+,ip )=—j—ip j— iff  - constant. 

dz dz 

Substituting Eq. (20), Eq. (21) into Eq. (13) and using 
the locality assumptions in Eq. (16), and taking the limit of 
7—>0 + , we have for z and z' within [ZL,ZR], 
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Gn
q(z,z';co) = CL

q(z,z';(o)fL(co) + CR
q(z,z';w)fR((o) 

+      dzi G  (z,zi;<o)2l
n(zi,;o)) 

Jz, ir 

XGa
q(zuz';<o), (22) 

where 

i/;Uz;co)(^(z';co)*) 
CL

q(z,z';co) = i    '  |W(^,V)|2 ^LB{k\)     (23) 

and 

rR(7    ,. ^(Z-Mi^iz'^)*) 
C„(Z,Z ,o))-i |WV T2 2kR6(kz

R).    (24) 

Here 9{x) is the step function which is one when x>0 and 
zero otherwise, and kL and kR are real and are defined in Eqs. 
(18) and (19), respectively. Note that from the factor 
2kL(R)6(k2

L(R)) comes the following limit [cf. Eq. (16)]: 

lim  2?7 
■L(») 

»(ZR) 
dz\iftq

{+)(z;a> + iy)\2. (25) 

If the dissipation within the device can be neglected, we 
have the ballistic current density for channel q (note that m 
= 1/2) 

d 
7q(o)) = -2e lim — Gn

q(z,z';co), (26) 
z'->z 

which can be evaluated at ZL or ZR to be 

W=I„„.!+
L
,.-M2 e(k2

L)e(k2
R)[fL(co)-fR((o)]. 

\w{ip\4>~ 
(27) 

Since we have for if/+ in the region z<ZL the following, 

+ l + 
<Pa (z) = 7+7~T (exp(*fcLz) + r  (w)exp(-ikLz)) 

tq{<>>) 

for z<ZL, 

we have 

w(^+,<n= 
2ikL 

tUw)' 

(28) 

(29) 

Alternatively, we can write the Wronskians in terms of 
kR, 

W(if>+,if,-) = 
~2ikR 

(30) 

So the current density for channel q is 

Iq(co) = e(l-Rq)[fL(c»)-fR(o>)Wk2
R)e(k2), (31) 

where 

Äq=|r+(o,)|2=|r-((B)|2. (32) 

And the total current density is 

(27T)3   J 
dq do) 7q(ft)). (33) 
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In the limit of zero bias, we have the two-probe Landauer 
formula.2 Equation (31) can be viewed as a generalized Lan- 
dauer formula at finite bias. 

III. APPLICATION TO FINITE BIAS SPIN DEPENDENT 
TUNNELING 

For finite bias spin dependent tunneling, the following 
simplified model is used in this article: Let the bias be U 
= fjbL-/j,R, where £tL(ff) is the chemical potential in the 
left(right) reservoir. Assume the barrier for both spin com- 
ponents of the electrons is Vh and the exchange splitting for 
the magnetic metal is Aex. Then when the magnetizations 
are parallel to each other, the following tunneling potential is 
used: 

0        0.05       0.1       0.15       0.2       0.25       0.3       0.35       0.4 
Bias (Ryd.) 

FIG. 1.  MR vs bias for Vt=1.0Ryd, Acx=0.2Ryd, ^ = 0.3 Ryd, and 
Zfl-ZL = 5.0a.u. 

a vT=--^x+u, 

a 

V(ze[ZL,ZR]) = Vb, 

(34) 

and when the magnetizations are antiparallel to each other, 
the following tunneling potential is used: 

Vl=-^Aex+U, 

VZ= + fAe ' R~ (35) 

V(z<E[ZL,ZR]) = Vb 

where cr= ± is the spin index. 
For Vfc=1.0Ryd„ Aex=0.2Ryd, Atfi = 0.3 Ryd, and ZR 

-ZL = 5.0a.u., the MR versus Vb is shown in Fig. 1. It is 
clear that MR decreases as the bias increases. However, it is 
surprising that for large bias, MR even changes sign (not 

shown in Fig. 1). To understand the MR decrease as the bias 
increases in our model, we note that as the bias increases, the 
effect of the exchange splitting is relatively decreased. 
Whether this is an artifact due to the oversimplified model 
used here will have to be resolved in the future. 
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We present first principles based calculations of the tunneling conductance between iron electrodes 
separated by semiconducting ZnSe. We assume that Fe (100) and ZnSe (100) atomic planes are 
epitaxed. We find that the conductance depends strongly on the relative alignment of the magnetic 
moments in the two Fe electrodes. The relative change in conductance increases dramatically as the 
thickness of the semiconductor increases. We show that this effect is due to the fact that electrons 
from a particular majority spin band are injected efficiently into the ZnSe from the Fe and also that 
electrons are ejected efficiently from the ZnSe into this band. Our calculations are based upon the 
Landauer-Biittiker expression for the conductance which is expressed in terms of the transmission 
matrix elements.   © 1998 American Institute of Physics. [S0021-8979(98)20311-2] 

Recently, it has been observed1-5 that the tunneling cur- 
rent through a FM|S|FM sandwich (where FM represents a 
ferromagnet and S represents a semiconductor or an insula- 
tor) may depend on the relative orientation of the moments 
in the two ferromagnetic layers. Although most experimental 
observations of spin-dependent tunneling have involved non- 
epitaxial systems with uncharacterized or amorphous inter- 
layers, there have been recent observations of large spin- 
dependent tunneling effects in epitaxial systems.4'5 Epitaxial 
systems have the advantage for a first-principles theoretical 
study that the nominal physical structure is well defined. 

Although many treatments of tunneling6-9 and even of 
spin-dependent tunneling10'11 have been proposed, we sug- 
gest that a useful understanding of this phenomenon must be 
based on a realistic approximation to the electronic structure 
of the ferromagnets, the nonconducting interlayer and espe- 
cially the interfaces which separate them. As first steps to- 
wards that goal we have calculated the self-consistent elec- 
tronic structure of epitaxial FM|S|FM sandwiches using first 
principles techniques and we have used these electronic 
structures to calculate the tunneling conductance for both 
parallel and antiparallel alignment of the magnetic moments 
of the ferromagnetic layers. 

Both the self-consistent electronic structures12 and the 
techniques for calculating the tunneling conductance13'14 

have been described previously. We have considered the 
case in which the ferromagnetic layers consist of bcc Fe with 
(100) atomic planes parallel to the interfaces and the semi- 
conducting layer consists of (100) atomic planes of ZnSe 
epitaxed to the Fe. For this case we showed14 that for rea- 
sonably thick films the conductance is much larger in the 
majority channel for parallel alignment of the moments than 
for the minority moment for the same alignment and that it is 
also much larger than the conductance of either of the chan- 

"'Electronic mail: james@maclaren.phy.tulane.edu 

nels for antiparallel alignment. This leads to a large magne- 
toconductance which increases with increasing film thick- 
ness. 

In this article we point out that the tunneling conduc- 
tance may vary dramatically from band to band. The contri- 
bution from one particular majority channel band at the Fe 
Fermi energy is responsible for the large majority conduc- 
tance and ultimately for the large calculated change in con- 
ductance when the alignment of the moments in the two 
magnetic layers is changed. The band in question was 
singled out previously by Stearns.10 

The Layer Korringa Kohn Rostoker (LKKR) technique15 

was used to solve the equations of density functional theory 
in the local density approximation. The LKKR technique as- 
sumes that the system consists of atoms that are arranged in 
periodic layers, but it allows the treatment of systems which 
are not periodic in the direction perpendicular to these layers. 
We took advantage of this feature to calculate the self- 
consistent electronic structure of 9 atomic layers of ZnSe 
embedded in bcc iron.12 The calculations showed a large 
peak in the minority Fermi energy density of states localized 
on the interfacial Fe layer, and the formation of a dipole 
layer at the interface which correctly places the Fermi energy 
of the semiconductor interlayer relative to that of the bulk 
iron. 

We also calculated the tunneling conductance as a func- 
tion of the thickness of the ZnSe using between 9 and 33 
layers of Zn and Se. The tunneling conductance was calcu- 
lated using the Landauer-Biittiker formalism16 implemented 
for Bloch electrons.13'14 In this formalism the conductance is 
expressed as a sum of the transmission probability over 
"channels." In this case the channels are the Bloch states 
which are enumerated by k\\, the component of the momen- 
tum in the plane of the layers (taken to be the x — y plane), by 
a propagation index, ±, which indicates the direction of 
propagation of the Bloch wave perpendicular to the layers, 
and by a band index which distinguishes between the bands 
for a given value of k». Thus the conductance for a given 

0021-8979/98/83(11)/6521/3/$15.00 6521 © 1998 American Institute of Physics 



6522 

J3 
CO 

O 

C 
o 

■55 
CO 

J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 

Transmission Probability for ky=.0064/au 
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FIG. 1. Dependence of current on kx for fixed k^O for majority electrons 
for the case of parallel alignment of the moments in the two ferromagnetic 
layers. The numbers near each curve indicate the number of Zn and Se 
layers in the interlayer. 
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FIG. 2. Dependence of current on kx for fixed ky^0 for minority electrons 
for the case of parallel alignment of the moments in the two ferromagnetic 
layers. 

spin channel is given by G = (e2/h) ~2,k •J-7" + ,; + (£||), where 
7"+J + (£||) is the transmission probability for a right going 
Bloch state i + with the given value of &|| on the left hand 
side of the semiconductor to be transmitted into the right 
going Bloch state j + with the same value of fc|| on the right 
hand side of the barrier. In our calculations fc|| is conserved in 
the tunneling processes because of the assumed two- 
dimensional periodicity of the system. 

Three-dimensional plots which show the conductance as 
a function of ty over the entire two-dimensional Brillouin 
zone for 9 and for 33 layers of Zn and Se were presented in 
Ref. 14. In Fig. 1 we show plots of the conductance along a 
line in the two-dimensional zone which runs approximately 

along the line from T to H. As the thickness increases it can 
be seen that the current becomes more strongly peaked near 
kx=0. Superposed on this general behavior is a thickness 
dependent structure of the current as a function of kx. The 
wavelength of at least some of this structure decreases as the 
thickness of the interlayer increases. Little of the structure is 
present in the current calculated for a simple spatially uni- 
form barrier. The origin of this structure lies partly in the 
band structure of the Fe since there can only be transmission 
for those values of kx for which there are bands to inject the 
electrons into the ZnSe and bands to receive the electrons 
that are ejected from the ZnSe. We suggest, however, that 
most of the structure, especially that part that depends on the 
interlayer thickness arises, from the "interference" of elec- 
tron waves reflected off of the interfaces between the Fe and 
ZnSe. 

Similar "interference" effects can be seen in the minor- 
ity current as a function of k\\ which is displayed in Fig. 2. 
The major differences between the majority and minority 
transmission probabilities are the smaller maximum values in 
the minority channel and the pronounced minimum near fc|| 
= 0. The pronounced minimum near &|| = 0 for the minority 
and the smaller minimum near &|| = 0 for the majority seem 
to be related to the Fe bands since similar structure is seen in 
the current calculated for a simple spatially constant barrier. 

The suggestion of "interference" effects in the tunnel- 
ing conductance may seem strange since tunneling electrons 
are generally perceived to be tunneling through a "barrier." 
It should be realized however that the ZnSe layers do not 
present a classical barrier to electrons, only a quantum me- 
chanical one. Electrons at the Fermi energy find all of space 
except a small region near the interstitial points classically 
accessible, i.e., EF> V(r). If the electrons were classical par- 
ticles almost all of them would be transmitted. Although 
Bloch waves cannot propagate at the Fermi energy in the 
ZnSe because destructive interference leads to a band gap, 
this same interference leads to the rapid changes in transmis- 
sion probability with kx that is seen in Figs. 1 and 2. 

In order to gain a better understanding of the difference 
between the conductance in the majority channel and the 
minority channel and to better understand the change in con- 
ductance when the moment alignment is switched from par- 
allel to antiparallel, we calculated the density of states (DOS) 
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CO 
O 
Q 

1 
vqm 

i                 1 

k„ =(0,0) 

0.01 ■ aBBBi ET u°ErT: 

1e-04 ■ 

1e-06 ■  Fe ,J 
1e-08 

1e-10 

band 1 -e— 
band 2 -1— 
band 3 -a— 
band 4 -x— 

ZnSe 

Fe- 

1e-12 • ■ 

10 15     20     25     30     35     40 
Layer Number 

FIG. 3. Density of states for majority electrons incident from the left for the 
case of aligned moments. The DOS is shown for each majority band at the 
Fermi energy for £|| = 0. This corresponds to bands in the three-dimensional 
zone that intersect the Fermi energy along the line T—>H. The sawtooth 
shape of the DOS in the ZnSe interlayer is due to alternate layers being Zn 
and Se. 
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FIG. 4. Density of states at &| = 0 for majority electrons incident from the 
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CO 
O 
Q 

MacLaren, Butler, and Zhang       6523 

DOS for Minority Incident from Left for Aligned Moments 
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FIG. 5. Density of states at fc| = 0 for minority electrons incident from the 
left for the case of aligned moments. 

for Bloch electrons incident on the semiconducting inter- 
layer. Imagine calculating the density of states of Bloch elec- 
trons in Fe with a given value of fc||. Let us further restrict 
the DOS to those Bloch electrons with a given fc| and whose 
z component of Fermi velocity is greater than zero, i.e., elec- 
trons traveling from left to right. Now imagine that we insert 
the ZnSe interlayer into the Fe. Most of the Bloch electrons 
will be reflected, but a few will penetrate into the semicon- 
ductor where we expect the DOS to decay exponentially and 
a few will transmitted. This DOS is shown in Fig. 3 for each 
band in Fe at the Fermi energy with fc|| = 0. 

The most salient feature of Fig. 3 is the relatively large 
DOS for band 3 inside the semiconductor. The electrons 
from this particular Bloch wave are able to penetrate easily 
into the semiconductor. They also exit the semiconductor 
easily when the moments are aligned. However, they are not 
so easily ejected when the moments are antialigned as is 
shown in Fig. 4. There is a surprising variability in the rate 
of decay of the wave function within the ZnSe interlayer. 
After about 20 atomic layers only electrons from band 3 of 
the Fe contribute significantly to the DOS. The DOS from 
band 3 decays only about 1/3 as fast as the other majority 
states. If the decay for band 3 is fit to e~z//, / is approxi- 
mately 9 Ä. 

Figure 5 shows the DOS for minority electrons incident 
from the left. The DOS for all of the minority bands is seen 
to decay rapidly to zero. The decay length for these states is 
approximately the same as for the majority electrons other 
than band 3. 

The distinguishing characteristic of majority band 3 
compared to the other bands at the Fermi energy is that it has 
much more s and p character. This particular band was de- 
scribed by Stearns10 as "itinerant" d. Stearns also argued 
that this band would be important for spin-dependent tunnel- 
ing. 
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Anomalous behavior of temperature and bias-voltage dependence 
of tunnel-type giant magnetoresistance in insulating granular systems 

S. Mitani,a) K. Takanashi, K. Yakushiji, and H. Fujimori 
Institute for Materials Research, Tohoku University, Sendai 980-77, Japan 

We have investigated temperature and bias-voltage dependence of tunnel-type giant 
magnetoresistance (MR) in Co-Al-0 insulating granular films. A remarkable enhancement of MR 
which is larger than the theoretical value by a simple model is observed for Co-Al-0 granular films 
at low temperatures, and it steeply decreases with increasing temperature. On the other hand, the 
MR does not decrease with increasing bias voltage although the resistivity decreases by a few orders 
of magnitude. Furthermore, it has been found that the effect of temperature is definitely different 
from that of bias voltage. The anomalous behavior is in contrast to that of macroscopic tunnel 
junctions, suggesting the significant effect of Coulomb blockade in granular systems. © 1998 
American Institute of Physics. [S0021-8979(98)28911-0] 

I. INTRODUCTION 

Spin-dependent transport phenomena in artificial nano- 
structures have attracted much attention in the fields of phys- 
ics and electronics.1 The tunnel-type giant magnetoresistance 
(GMR) in insulating granular systems, e.g., Co-Al-0 sput- 
tered films, is one of such novel phenomena.2'3 The insulat- 
ing granular systems consist of magnetic metal granules 
(e.g., Co) and nonmagnetic insulating matrix (e.g., Al oxide), 
and the magnetoresistance (MR) is caused by the tunneling 
current between magnetic metal granules depending on their 
magnetization directions. In a previous article, we reported a 
preliminary result on the enhancement of MR at low tem- 
peratures in Co-Al-0 and Fe-Al-0 granular films.4 This 
article provides further investigations including the anoma- 
lous behavior of temperature and bias-voltage dependence of 
MR in Co-Al-0 granular films. 

II. EXPERIMENTAL PROCEDURE 

Co-Al-0 granular films (1 to 2 fim in thickness) were 
prepared on glass substrates using a reactive-sputtering tech- 
nique with mixed gas of Ar+02. Details of the sample 
preparation and the structural characterization were de- 
scribed previously in our articles.3'5 Electrical resistivity (p) 
were measured using a dc four-terminal method, as a func- 
tion of the temperature between 2 and 300 K, and of the 
applied magnetic field up to 12 kOe. Magnetization curves 
were measured by a superconducting quantum interference 
device (SQUID) magnetometer with the field applied up to 
50 kOe. On the basis of the proportional relation between 
MR and square of the normalized magnetization,3 i.e., 
Ap/pm^(M/Ms)

2, it was confirmed that the MR at 12 kOe 
almost reaches the saturated state. In case that MR did not 
saturate at 12 kOe, the saturation values of MR were ex- 
trapolated using Ap/pmax«(M/Mi)

2. 
The bias-voltage (Vb) dependence of MR was measured 

at 12 kOe and 4.2 K in the current-perpendicular-to-plane 
(CPP) geometry where the Co-Al-0 granular films were 

sandwiched with upper and lower electrodes of Au-Cr alloy, 
as shown in Fig. 1. The source dc current was controlled in 
order to adjust Vb between voltage electrodes to a constant 
value in the accuracy of less than 0.01% because the resis- 
tivity varies drastically via the change of the bias-voltage 
v„. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the temperature dependence of MR for 
the Co-Al-0 films with different compositions: 
Co54Al2I025, Co52Al2o028, and Co36Al22042. It is clearly 
seen that the MR is remarkably enhanced at low tempera- 
tures. The MR reaches up to 24% around 2 K for the 
Co36Al22042 film, and the MR decreases dramatically with 
increasing temperature. The dashed line of PCo/( 1 + PCo) 
shown in Fig. 2 is the magnitude of MR calculated theoreti- 
cally using a simple model of tunneling transport,6 where 
PCo is the spin polarization of conduction electrons in Co 
granules. P%J{\ +^CO) *

S
 calculated to be about 10% using 

the value of PCo (34%) obtained by means of tunnel spec- 
troscopy experiments.7 This simple model was originally 
proposed for MR effect in ferromagnetic tunnel junctions 
and gave the result of MR=2P2/(1 + P2), where P is the 

top view lower Au-Cr electrode 

Co-AI-0 layer 
(1 urn thick) 

]Jl000um 

upper Au-Cr electrode 

1000 urn 
side view 

1 urn 

"'Electronic mail: mitani@magmate.imr.tohoku.ac.jp 
FIG. 1. Schematic illustration of a Co-Al-O film for the measurement in 
current-perpendicular-to-plane (CPP) geometry. 
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FIG. 2. Temperature dependence of MR for Ct^A^O^, C^A^oC^g, and 
Co36Al22042 films. P2/(l+P2) is the theoretical value of MR in Co-based 
insulating granular systems by a simple model. The values of ClkB are also 
shown for the films (see the text). 

200 400 600 
Bias Voltage V (mV) 

FIG. 3. Bias-voltage (Vb) dependence of p and MR for a Co36Al22042 film 
at 4.2 K; (a) p and (b) MR. 

spin polarization for ferromagnetic metal. The factor of 2 is 
just due to the difference between the random magnetization 
alignment in granular systems and antiparallel magnetization 
alignment in ferromagnetic tunnel junctions. The magnitudes 
of MR reported so far for ferromagnetic tunnel junctions 
with a macroscopic size were always smaller than the theo- 
retical value of 2P2/(1 +P2). For insulating granular films, 
however, Fig. 1 indicates that the MR can be much larger 
than the theoretical value. 

Figures 3(a) and 3(b) show p and MR, respectively, as 
functions of bias-voltage Vb for the Co3gAl22042 film. The 
magnitude of MR is 19%, and it is almost constant in the 
range of Vb = 0 to 600 mV although p decreases by three 
orders of magnitude. For the results of the temperature and 
bias-voltage dependence of MR, we would like to emphasize 
the two following points which are characteristic of granular 
systems: The first is that the MR as a function of bias voltage 
is independent of the dramatic change in p. This is in clear 
contrast to the case of ferromagnetic tunnel junctions with a 
macroscopic size, where both MR and p decrease gradually 
with increasing bias voltage.8 The second point is the differ- 
ence between the temperature and bias-voltage dependence 
of MR. We can estimate the number of Co granules aligned 
between the upper and lower electrodes, using the mean di- 
ameter of granules (20-30 Ä),5 the mean thickness of insu- 
lating barriers (-10Ä),5 and the film thickness (1.0 p;m), 
and it is calculated to be 250-300. Therefore, the applied 
bias voltage per one microjunction between two neighboring 
Co granules is estimated to be approximately 2 mV at Vb 

= 600 mV. The 2 mV corresponds to 23 K in temperature. 
Therefore, it is shown that the MR does not decrease up to 
the bias voltage corresponding to 23 K. On the other hand, as 

shown in Fig. 2, MR decreases with increasing temperature 
up to 23 K. This indicates that the effect of temperature is 
different from that of bias voltage. This is also in clear con- 
trast to the case of ferromagnetic tunnel junctions with a 
macroscopic size. The effect of bias voltage is not so differ- 
ent from that of temperature.9 

We will discuss the above-mentioned remarkable fea- 
tures of MR in granular systems in relation to the effect of 
Coulomb blockade. Figure 4 shows log p as a function of 
T~m for Co54Al21025, Co52Al20O28, and Co36Al22042 films. 
The linear relationship is seen, showing logp=a:7^1/2 (a: 
constant). The characteristic behavior of log p=aT~y2 ap- 
pears due to the combination of (i) the tunneling effect of 
electrons between metallic granules through intergranular in- 
sulating barriers and (ii) the electrical charging effect of me- 
tallic granules (Coulomb blockade). The constant a is ex- 
pressed as 

8 
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FIG. 4. logp as a function of T~m for C054AI21O25, C052AI20O28, and 
Co36Al22042 films. 



6526        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 S. Mitani et al. 

a = 2(C/kB) 1/2 
(1) 

,10, where the constant C is called tunnel-activation energy and 
kB is Boltzmann constant. C is given by10 

C={2m(j))m{hl2TT)sEc, (2) 

where m is the effective electron mass, 4> is the effective 
potential height of insulating barrier, h is Planck's constant, 
s is the barrier thickness, and Ec is the charging energy of a 
metallic granule. The coefficient between C and Ec, i.e., 
(2ni(f))ll2/(h/2Tr)s, can be determined to be the order of 1, 
using m = 9.11X 1CT28 g (free electron's mass), ^~leV 
(the order of potential height of A1203), and 5—10Ä.5'10 

Therefore, C is considered to be roughly equal to Ec. The 
magnitudes of ClkB obtained from the experiments are 
shown in Fig. 2, i.e., 30, 80, and 420 K for the Co54Al21025, 
C052AI20O28, and Co36Al22042 films, respectively. The 
Co36Al22042 film has the largest charging energy, and hence 
it may show the largest effect associated with Coulomb 
blockade. The Co36Al22042 film shows the largest MR effect, 
and we find in Fig. 2 that the MR is larger as ClkB is larger. 
Furthermore, the enhancement of MR for each film appears 
below the temperature which corresponds approximately to 
the charging energy of granules. This suggests that the en- 
hancement of MR appears in relation to the Coulomb block- 
ade effect. Ono et al. reported enhanced MR associated with 
Coulomb blockade in microfabricated ferromagnetic tunnel 
junctions.11 

Recently, Takahashi and Maekawa calculated tempera- 
ture and bias-voltage dependence of MR for a ferromagnetic 
double-junction system with a small island electrode in Cou- 
lomb blockade regime.12 The behavior of temperature and 
bias-voltage dependence of MR in the theoretical work is 
similar to our experimental results for granular systems. It is 
suggested that the theory in Coulomb blockade regime 
would elucidate the origin of the difference of the tempera- 
ture and bias-voltage dependence in granular systems. 

IV. CONCLUSION 

The remarkable enhancement of MR which is larger than 
the theoretical values, P2/(l + P2), is observed for Co- 
Al-0 granular films at low temperatures, and it steeply de- 
creases with increasing temperature. On the other hand, the 
MR does not decrease with increasing bias voltage although 
p decreases by a few orders of magnitude. Furthermore, it 
has been found that the effect of temperature is definitely 
different from that of bias voltage. The anomalous behavior 
is in contrast to that of macroscopic tunnel junctions, sug- 
gesting the significant effect of Coulomb blockade in granu- 
lar systems. 
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High perpendicular anisotropy and magneto-optical activities in ordered 
Co3Pt alloy films 
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Nagoya 468, Japan 

The origin of the large perpendicular magnetic anisotropy constant Ku of Co3Pt alloy thin films is 
discussed. The films deposited onto Al2O3(0001), Al2O3(1120), and MgO(lll) substrates held at 
230-450 °C during deposition exhibit Ku of the order of 107 erg/cm3 at room temperature. While 
the one dimensional long range order parameter S estimated by x-ray diffraction is very consistent 
with the development of the perpendicular magnetic anisotropy in the films deposited at 380- 
450 °C, very little evidence is found to suggest the correlation between S and Ku for the lower 
deposition temperature range (230-380 °C). To explain this, a short range ordering is suggested to 
be responsible for the origin of Ku, similar to the cases in Pt72Co28 alloys. The magneto-optical 
polar Kerr activity of ordered Co3Pt film is found to be enhanced for both 6K and TJK in the photon 
energy range from 2 to 4 eV.   © 1998 American Institute of Physics. [S0021-8979(98)43611-9] 

I. INTRODUCTION 

Recently, several different workers reported large per- 
pendicular magnetic anisotropy constants Ku on the order of 
107 erg/cm3 in Co-Pt and Fe-Pt alloy thin films of various 
composition.1"5 The origin of such a high perpendicular 
magnetic anisotropy has been the subject for many workers. 
Tyson et al.6 have shown that the anisotropic distribution of 
the Co-Co bonds is responsible for the magnetic anisotropy 
in Co^^Pt^. alloys (x~0.1), similar to the orientational 
asymmetry in the Fe-Fe, Tb-Tb, and Tb-Fe bonds in amor- 
phous TbFeCo alloy films.7 Harp et al} showed the exis- 
tence of the ordered phase of Co3Pt alloy films, which had 
not been in the phase diagram for a long time. However, no 
magnetic anisotropy of this ordered phase had been reported. 
Recently, Yamada et al}'1 reported for the first time on a 
large perpendicular anisotropy in Co-rich CoPt alloys, and 
suggested the possible correlation of the order phase of 
Co3Pt with the origin of the magnetic anisotropy. However, 
the detailed mechanism of the magnetic anisotropy has not 
been understood. The present article describes a further re- 
sult of the perpendicular magnetic anisotropy in Co^^Pt^. 
(x~0.2-0.3) alloy thin films. 

II. EXPERIMENT 

COi-jPt,. (0«x^0.5) alloy thin films were deposited 
onto fused silica, MgO(lll), Al2O3(0001), and (1120) sub- 
strates by electron beam evaporation using separate Co and 
Pt sources. The detailed deposition condition was described 
elsewhere.5'6 The film thickness was approximately 1000 Ä 
for all cases. Measurements of magnetic properties were car- 
ried out by using vibrating sample magnetometer, alternative 
gradient force magnetometer, and torque magnetometer in 

fields up to 20 kOe. The magneto-optical Kerr effect was 
measured using an ultrawide range Kerr spectrometer in a 
photon energy range from 1.4 to 6.8 eV.9 The measurement 
was made from the sample surface side. 

III. RESULTS AND DISCUSSION 

The intrinsic perpendicular anisotropy constant Ku (de- 
fined as KU = K^ + 2TTM

2
S, where Kx is the torque amplitude 

as H-+°°) at different compositions of Co-Pt alloy films was 
studied. Figure 1 shows the dependence of Ku on film com- 
position at various substrate deposition temperatures Ts. 
One can see that Ku values of the films deposited onto 
Al2O3(0001) and MgO(lll) substrates at 7^ = 400 °C ex- 
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hibit a maximum at about 25 at % Pt. On the other hand, a 
very small change of Ku with film composition for the 
samples deposited at 25 °C and deposited onto fused silica 
was observed. The maximum values of Ku are 2.1 X 107 and 
1.6X107 erg/cm3 for Al2O3(0001) and MgO(lll) sub- 
strates, respectively. 

Figure 2 shows the dependence of Ku on Ts for 25 at % 
Pt thin films deposited onto various substrates. The Ku be- 
comes zero at about 500 °C for all the samples. The maxi- 
mum value of Ku fox samples on Al2O3(0001) is 2.1 
X107 erg/cm3, and those on Al2O3(1120) and fused silica 
are 1.2X 107 and 1.0X 107 erg/cm3 at room temperature, re- 
spectively. It is clearly seen that for all the substrates cases, 
there is a broad maximum of Ku at Ts = 250-400 °C for both 
the A1203 cases, and 200-300 °C for the fused silica case. 

The x-ray diffraction analysis indicates that all these 
samples deposited onto the A1203 and MgO substrates ex- 
hibit the hep structure for Ts from the ambient temperature to 
about 450 °C with the textured (0001) along the film normal. 
Furthermore, the hep (0001) superlattice peak is observed for 
the samples deposited onto Al2O3(0001), MgO(lll), and 
Al2O3(1120) at approximately 380-450 °C. 

The one dimensional order parameter S is defined as 

'0001 

'0002 

1/2 

where rA is the fraction of A sites occupied by A atoms, FA 

is the fraction of A atoms in the alloy, /o^ and 7rjoo2 ^ tr,e 
integrated intensities of the fundamental peaks and the super- 
lattice peak, respectively. Thus, the one dimensional order 
parameter S can be estimated by measuring the integrated 
intensity ratio.10 

Figure 3 shows the dependence of S on Ts. It shows a 
sharp peak at -400 °C for both the Al2O3(0001) and (1120) 
cases, where Ku becomes maximum. This result is consistent 
with the work by Harp et al.8 

Figure 4 shows the relation between Ku and order pa- 

rameter S for the thin film deposited onto the Al2O3(0001) 
substrate. The numbers close to the data points correspond to 
Ts. Ku is found to vary linearly with S for Ts between 
380 °C and 450 °C, indicating that the ordering is a primary 
factor governing Ku in this temperature range. One would 
expect Ku of 4X 107 erg/cm3 for a perfectly order state. On 
the other hand, there is no clear correlation between Ku and 
S for Ts less than 380 °C. This situation is similar to the case 
of CoPt3 alloy films." Tyson et al.6 have shown evidence for 
a directional anisotropy in the number of Co-Co bonds in 
Co28Pt72 alloy films by using x-ray absorption fine structure 
(XAFS). To clarify this matter, an experiment was per- 
formed in which case a deposition rate was changed to a 
lower rate at 7^ = 230^ for Al2O3(0001) substrates. One 
sample was deposited at 1.6 A/s, which is the same as all 
other experiments. The deposition rate for the other sample 
was lowered to 1/5 of the original. It was found that both Ku 

0) 

3 
* 

0.2 0.4 0.6 0.8 
Order parameter S 

1.0 

FIG. 4. Relation between Ku and the order parameter 5 for the films depos- 
ited onto Al2O3(0001). The numbers close to the data points corresponds to 
T,. 
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FIG. 5. A model for the origin of the large Ku ; short range ordering for low 

Ts (left) and Co3Pt ordered structure for high Ts (right). 

and 5 increased with lowering a deposition rate (^„=1.3 
X 107-1.8X 107 erg/cm3, 5 = 0 to 0.12). This result seems to 
support the model put forward by Tyson et al. A model of a 
short range ordering to account for large Ku is shown in Fig. 
5(a). In this model, atomic layers of CoPt,. and CoPty are 
alternately present, as ABAB stacking. The origin of the 
large perpendicular magnetic anisotropy is believed to result 
from the anisotropic bonding distribution of Co-Co atoms in 
the film plane with respect to the film thickness direction, as 
proposed by Tyson et al.6 This situation may also be similar 
to Co/Pt multilayers. 

Figure 6 shows the Kerr rotation and ellipticity spectra 
for Co75Pt25 alloy thin films deposited onto an Al2O3(0001) 
substrate at Ts = 25 °C (disordered) and 400 °C (ordered) in 
a photon energy range from 1.4 to 6.8 eV. The Kerr rotation 
spectrum, which was obtained by Harp et al. for Co75Pt25 
thin film deposited at 375 °C,8 is also shown. The spectrum 
for the sample deposited at 400 CC shows slightly larger 6K 

and T]K for photon energies less than 4 and 6 eV, respec- 
tively. The present result for the ordered structure (Ts 

= 400 °C) does exhibit the peak around 3 eV, consistent 
with their result. 

IV. CONCLUSION 

The very large perpendicular magnetic anisotropy con- 
stant Ku values are found in Co75Pt25 alloy thin films depos- 
ited at T= 230-450 °C. The relation between Ku and the 
order parameter S is investigated in detail for Co-Pt alloy 
thin films. When the substrate deposition temperature is high 
(380-450 °C), the magnitude of Ku is linearly correlated 
with S. However, when Ts is not high enough (230-380 °C), 
no clear correlation is found. To account for these high Ku 

values, a short range ordering is suggested for the origin of 
the large Ku at lower Ts, where the films exhibit a large Ku 

without ordering. The magneto-optical activities of these 
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FIG. 6. Magneto-optical spectra for the samples deposited onto 

Al2O3(0001) at various Ts. 

Co-Pt alloy thin films were measured. The enhancement in 
Kerr rotation at ~3.0eV, which is characteristic for Co3Pt 
ordered structure, is observed. 
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Thermopower studies of percolating magnetic metallic nanostructures 
X. N. Jinga) and X. Yanb) 

Department of Physics, Hong Kong University of Science and Technology, 
Clearwater Bay, Kowloon, Hong Kong 

We have observed a small and temperature insensitive thermal electric power S as well as a large 
resistivity    following    p log(7)    dependence,    in    percolating    magnetic    metal-insulator 
nanocomposites, irrespective to the sign of the carrier. Upon annealing, however, a normal metallic 
behavior with a linear temperature dependence for both S and p was recovered. We propose that the 
large charging energy of the nanometer sized particles in the percolation conduction channels is 
responsible for this observation as well as the giant Hall effect or the loss of the effective carrier 
density in these nanostructures.   © 1998 American Institute of Physics. [S0021-8979(98)52211-6] 

There is renewed interest in magnetic metal-insulator 
nanocomposite materials, or magnetic nanostructures, due to 
the recent discoveries of giant magnetoresistance (5%—10%) 
when tunneling conduction exists between the adjacent mag- 
netic metal particles,1 and giant Hall effect (GHE), or a 
10 000-fold enhancement of Hall resistivity when the 
nanometer-sized magnetic metal particles form percolation 
conduction channels.2 GHE cannot be explained via a simple 
percolation theory that predicts a maximum enhancement 
factor of ~ 20 (Ref. 3) based on the percolation critical ex- 
ponent of Hall resistivity g ~ 0.4 (Ref. 4) for a 1 jjm thick 
film. From our systematic studies of Ni-rich NiFe-Si02 and 
Fe-Si02 nanocomposite films, having carrier dominated by 
electrons and holes, respectively, a few unique properties 
were identified near the percolation threshold.2'5"8 Namely, 
the giant enhancement of Hall resistivity exists if and only if 
there exist a large resistivity (0.1-1 flcm) with a tempera- 
ture dependence following p(T) log(7), and nanometer- 
sized particles in the percolating channels,5 which are inde- 
pendent of the sign of the conduction carrier. In the 
following discussion, we sue the term ' 'percolating magnetic 
nanostructure" to refer to a system with the above- 
mentioned noval properties. Understanding of these proper- 
ties is limited.9 Particularly the apparent dramatic loss of 
"effective carrier" still lacks an important clue for its 
origin.9'10 A measure of "entropy per carrier," thermal elec- 
tric power was chosen to help identify the origin of the car- 
rier loss.11 

Percolating (NiFe)x(Si02)i_^ and FeJC(Si02)i-^ nano- 
structured films were prepared using a magnetron rf cosput- 
tering system as described elsewhere.2'5'9 Samples used for 
this work were from the same batch in which giant Hall 
effect was found. The saturation Hall resistivity are about 
-200 fjiCl cm and +500 fito cm for (NiFe)^(Si02)i_x and 
Fe^(Si02)i_^, indicating that giant Hall effect exists irre- 
spective to the sign of the conduction carrier. The thickness 
and the deposition temperatures were 1 and 0.5 /um and 150 
and 25 °C for the two systems, respectively. The metal vol- 
ume   fraction  x   were   determined   by   energy-dispersive 

"'Also at Institute of Physics, Chinese Academy of Science, Beijing, China. 
"Electronic mail: phxyan@ust.hk 

x-ray spectroscopy using a Philips EDAX XL30. For 
NiFe-(Si02), the relative Fe content in NiFe, was deter- 
mined to be 0.15, 0.14, and 0.14, for * = 0.58, 0.61, and 0.63, 
respectively.5 For annealing, samples were placed in a quartz 
tube that was evacuated for half an hour and purged six times 
using high-purity helium gas. The quartz tube was heated at 
520 °C, and pulled out to room temperature after 1 h.5 

520 °C was chosen because from previous studies it is 
known that the giant Hall effect will disappear to a normal 
metallic behavior5 in a conventional metal-insulator com- 
posite system above the percolation threshold. 

Thermal electric power (thermopower or TEP) measure- 
ments were performed on narrow strips of the sample (typi- 
cally 12X1.5 mm) by using a pulsed heating method.12 

While the resistance was measured using a four-probe tech- 
nique. Gold wires of cf>25 /jum were served as both current 
and voltage leads. Chromel/constantan thermocouple (type 
E) with diameters of 25 fim, connected in a differential 
mode, were fixed onto the sample with the thermal contact 
close to the two voltage electrodes. Resistance and TEP data 
on the same sample were taken in sequence with the tem- 
perature decreasing at a rate controlled at ~ 3 mK/s. A tem- 
perature gradient AT—1-2 K, generated by a small carbon 
film heater, was applied along the sample. Care was taken to 
null the offset values by turning the heater on and off peri- 
odically. The voltage drop on the sample and that for tem- 
perature gradient were obtained by the voltage difference 
with the heat on and off by using two Keithley 182 nano- 
voltmeters. For each on or off voltage, 30 repeated readings 
were averaged after reaching a thermally static state. The 
absolute thermopower of gold wire was calibrated against a 
pure lead, and the calibration was in agreement with that in 
Ref. 12. All the TEP data shown in this article are the abso- 
lute thermopower by subtracting off the contribution of the 
gold wires. 

Figure 1 shows TEP S as functions of temperature of 
(NiFe)x(Si02)!-x films for (a) various volume fraction, x 
= 0.58, 0.60, 0.63, and 1, and (b) for one percolating sample, 
x = 0.58 for various annealing conditions. All these samples 
are above the percolation threshold xc of 0.53.2 Compared 
with a homogeneous metallic sample, the TEP near the per- 
colation appears to be quite insensitive to the temperature, as 
is often the case in typical disordered metals.13 Since TEP is 

0021-8979/98/83(11 )/6530/3/$15.00 6530 © 1998 American Institute of Physics 
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FIG. 1. Thermopower as functions of temperature of (NiFe)I(Si02)i_^ 
films for (a) as-deposited films with different volume fractions and (b) dif- 
ferent annealing conditions for x = 0.58. 
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a measure of "entropy per carrier," such a temperature in- 
sensitive TEP indicates that the entropy of the carrier is de- 
termined by another energy scale that is either much larger or 
much smaller than k T in such a disordered percolating sys- 
tem. Another striking finding is a similar linear temperature 
dependent TEP for both a pure metallic case (x=l) and the 
percolating samples after annealing, suggesting that neither 
the thermal power in a two-component composite model1 

nor the percolating geometry along is sufficient to give rise 
to a temperature independent TEP. A linear temperature de- 
pendent TEP indicates that the electron conduction in the 
classical percolating system is similar to liquid metals or 
semimetals where electron states near the Fermi surfaces are 
nonlocalized despite the disorder. 

Shown in Fig. 2 is the temperature dependence of the 
resistivity (normalized to 79 K), for x = 0.58 with 
Ta=150°C, and 520 °C, and for x=l (as-deposited). The 
dashed line is a fit to a -log(7) dependence. For the as- 
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FIG. 2. Temperature dependent resistivity of (NiFe)A.(Si02),_J. films for 
various volume fraction and annealing conditions. The dashed line is a 
-log(7) fit. 

deposited sample near the percolation, the temperature coef- 
ficient of resistivity is negative, and the temperature depen- 
dence of the resistivity is close to logarithmic. Annealed at 
high temperature, the large resistivity with a - log(7) depen- 
dence changes to a small metalliclike resistivity, while the 
giant Hall effect disappears.2 Upon annealing at 520 °C, the 
resistivity decreases more than one order of magnitude, in 
agreement with the previous measurements.2'5 

Similar TEP and resistivity were measured in Fe-Si02 

films near the percolation where there is a giant Hall effect. 
Shown in Fig. 3 are (a) TEP and (b) resistivity as functions 
of temperature for x = 0.56 and 0.67, respectively. The 
dashed line in (b) is a fit to -log(T) dependence. Again, a 
similar - log(T) dependence of resistivity was observed in 
Fe-Si02 films for x = 0.56 which is slightly above the per- 
colation threshold (xc~0.51). Associated with a weak tem- 
perature dependent resistivity, there is a weak temperature 
dependent TEP. These results suggest that whenever there is 
a giant Hall effect, the conduction mechanism is such that it 
gives rise to a rather small and temperature insensitive TEP, 
independent of the sign of the carrier. The annealing process 
was failed to perform on the Fe-Si02 due to the easy oxida- 
tion of iron. However, a small and temperature insensitive 
TEP characterizes the as-deposited percolating magnetic 
nanostructures having giant Hall effect, in addition to a large 
resistivity having a - log(T) dependence in both systems. 

To our knowledge, there are no materials that have such 
unusually combined transport behavior, namely a large Hall 
resistivity and a small TEP. A large Hall effect usually indi- 
cates a small effective carrier. A loss of carrier in originally 
a metallic system is often associated with the opening of a 
gap at the Fermi surface.15 Associated with an existence of a 
gap, thermal electric power should behave like a semicon- 
ductor, with its value increasing as decreasing temperature. 
Failure to observe such a behavior indicates that the system 
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is not like a doped semiconductor and that the disorder plays 
a crucial role in the electron transport process. It is important 
to note that the temperature insensitive TEP is a signature of 
mixed valence conductors10 including cuperate super- 
conductors,16 or amorphous and quasicrystalline metals.13 In 
the mixed valence metals, the value of the temperature in- 
sensitive TEP is governed by the entropy per carrier accord- 
ing to S = (k/e)ln[c/(l-c)], if the relevant disorder energy 
W for the carrier is either much smaller or much larger than 
k T, where c and \—c are the probability of the two disor- 
dered states. 

If the disorder can give rise to a temperature insensitive 
TEP, what types of disorder could give rise to a virtually 
zero TEP and a zero carrier density at the same time? In 
order to answer this question, let us first concentrate on one 
small nanometer-sized particle in the conduction channel.17 

There are two additional energy scales when the metal par- 
ticle reduces its size. One is the quantized energy level spac- 
ing that is inversely proportional to the number of the atoms 
in the particle. The other is the charging energy, or the en- 
ergy required to add one more electron into the particle, 
which is inversely proportional to the capacitance or the size 
of the particle. From previous transmission electron micro- 
scope, Hall, and resistivity studies upon annealing, particles 
size of order 2-3 nm were identified to be crucial in deter- 
mining the effective carrier and thus the conduction 
mechanism.5 In terms of the characteristic energy, 2 and 3 
nm particles correspond to the level spacing A.E of 3 meV 
and 1 meV assuming Fermi energy of 8 eV,18 or the charging 
energy Ec of 150 meV and 100 meV assuming a dielectric 
constant of 4.17 It is clear that the charging energy Ec is 
much larger than both the level spacing AE and thermal 
energy k T at room temperature. When there is a large charg- 
ing energy Ec, such small nanometer-sized particles will 
generally not carry current. However, at some special size, 
the small particle can have an equal ground state energy for 
holding N and N+l electrons, and hence could freely add 
and subtract one electron without causing energy. Only these 
special "conducting" particles can then carry current. Such 
a physical picture on a single nanometer-sized metal particle 
was firmly established via conductance measurements at low 
temperature.17 Moreover, Thermopower studies in such a 
quantum dot system showed both experimentally19 and 
theoretically20 that whenever there is a peak in the conduc- 
tance, there is a zero thermopower. This suggests that carri- 
ers via these special "conducting" nanometer particles do 
not carry entropy. 

In percolating magnetic nanocomposites, there are 
nanometer-sized particles in the conduction channels. These 
nanometer-sized particles play the role of quantum dots in 
controlling the conduction mechanism of the system. Be- 
cause there is a smooth size distribution, only a fraction of 
them "conducting," correspond to a particular particle size 
having the same energy for N and N+ 1 electrons. As a 
result, the effective carrier is reduced. This picture explains 
the loss of the effective carrier when there are nanometer 
particles in the percolating channels. For these special con- 
ducting particles, there is an equal probability (c~l—c 

—0.5) for holding N and N+ 1 electrons, and hence the en- 
tropy per carrier is simply (£/e)ln[l/(l -c)] which is close 
to 0, similar to the quantum dot system.1718 Upon annealing, 
these nanometer-sized particles grow. When small particles 
disappear eventually in the percolation channels, the conduc- 
tors are all determined by the metallic ones, and the carrier 
returns to the typical metallic value. As a result, the giant 
Hall effect disappears, and both the resistivity and the TEP 
changes to a linear temperature dependence, indicative of the 
recovery of the normal metallic behavior. 

The present physical picture of a large charging energy 
of nanometer particles in the percolation channels is not lim- 
ited to the magnetic nanostructure. It could have a general 
impact in understanding the transport behavior in percolating 
metal-insulating nanocomposites. Many materials near per- 
colation show a — log(7) dependence from room temper- 
ature.19'20 Specifically, we predict that in these nanostruc- 
tures having -log(7) dependence, there could be enhanced 
Hall resistivity and reduced thermal electric power, com- 
pared to their corresponding macroscopic composites or ho- 
mogeneous conducting materials. 
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selenization process 
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Fe^Se^ films were prepared on GaAs(OOl) substrates by a selenization of Fe films using molecular 
beam epitaxy equipment. Structural and magnetic properties of Fe^Se^ thin films during their 
selenization process were studied. The selenized films obtained consisted of polycrystalline grains 
of 100-700 nm. A magnetic anisotropy of in-plane/perpendicular to the films was weakened by 
increasing the selenization ratio of the samples, which was interesting in contrast to the fact that the 
grain size of the films became larger. © 7998 American Institute of Physics. 
[S0021-8979(98)43711-3] 

I. INTRODUCTION 

Recently, there has been increased research activity in 
the area of diluted magnetic semiconductors and 
ferromagnet/semiconductor heterostructures such as 
Fe/ZnSe/GaAs,1 MnAs/GaAs,2 or MnGa/GaAs.3 FexSey is 
expected as an interlayer of the Fe/ZnSe system or a new 
magnetic material. Characterizations of bulk crystals of FeSe 
have been reported with Fe3Se4 and Fe7Se8 structures.4'5 Al- 
though Zn^Fe^Se and FeSe epilayers grown on GaAs(OOl) 
have been reported,6 Fe^Se^ thin films have not been studied 
much. The lattice structure of bulk Fe3Se4 and Fe7Se8 is 
NiAs type with ordered Fe vacancies. The origin of the fer- 
rimagnetism in these materials associated with Fe vacancies 
is similar to the case of Fe7S8 pyrrhotite. A saturation mag- 
netization of Fe7Se8 is 65 emu/cc at room temperature. Curie 
temperatures of Fe3Se4 and Fe7Se8 are 314 and 455 K, re- 
spectively. Because of their lattice structures, they have a 
strong magnetocrystalline anisotropy along the c axis. 

In our study, Fe^Se^ thin films were prepared by a sele- 
nization of Fe films using molecular beam epitaxy (MBE) 
equipment.7 As previously reported, the Fe/Se composition 
ratio x/y of the obtained Fe^Se^, films measured by an energy 
dispersive x-ray spectroscopy (EDX) was 2/3 or 1/3.8 It was 
different from those of the reported stable structures of bulk 
Fe3Se4, Fe7Se8, and FeSe epilayers. In this article, structural 
and magnetic properties of Fe^Se^, thin films during their 
selenization process are reported. 

II. EXPERIMENTS 

FexSey thin films were prepared on GaAs substrates by a 
selenization technique. Semi-insulating nondoped GaAs 
(001) substrates were used. Fe thin films deposited by a 
vacuum evaporation on GaAs substrates were selenized in a 
MBE chamber. Conventional MBE equipment with solid 
sources was used. The thickness of the Fe films was 600 nm. 

"'Electronic mail: takemura@dnj.ynu.ac.jp 

The selenization was performed by supplying a Se beam 
from a K cell for 30-240 min. The Se beam intensity was 
varied from 2X 10~8 to 4X 10~8 Torr. The beam intensity 
was monitored by an ion gauge which was positioned outside 
of the growth area. It was found that Fe^Se^ compound films 
were obtained by this technique above a substrate tempera- 
ture of 380 °C.7 

Depth profiles of the selenized thin films were measured 
by using Auger electron spectroscopy (AES). Surface images 
of the films were observed by a scanning electron spectros- 
copy (SEM). The magnetization of the films was measured 
by a vibrating sample magnetometer (VSM) at room tem- 
perature. 

III. RESULTS AND DISCUSSION 

Fe thin films were selenized from their surfaces in the 
selenization process as shown in inserts in Fig. 1. Figure 1 
shows depth profiles of Fe, Se, Ga, and As measured by the 
AES from the sample selenized with Se beam intensity of 
4 X 10"8 Torr for 60 min at a substrate temperature of 
380 °C. It is found that a partial region from the surface of 
the sample is selenized and that the sample consists of a 
Fe^Se^, /Fe/GaAs structure. The intensities of signals of Fe 
and Se are constant in the selenized region of the sample. It 
indicates that the layer consists of an Fe^Se^ compound with 
a constant composition ratio of Fe/Se. A selenized ratio of 
Fe^Se^/Fe is defined as a ratio of Fe^Se^ layer thickness 
against a total film thickness of FexSey + Fe. The selenized 
ratio of the sample shown in Fig. 1 is calculated to be 35%. 

Samples with various selenized ratios were prepared by 
varying the selenization time and Se beam intensity at a sub- 
strate temperature of 380 °C. In this article, samples with 
selenized ratios in the range of 6%-74% were investigated. 

From the observed SEM surface images of the films, it 
was found that the films consisted of polycrystalline grains. 
A dependence of the grain size of the films on the selenized 
ratio is indicated in Fig. 2. The grain size became larger with 
the increase of the selenized ratio of the films. The Fe thin 
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FIG. 1. Depth profiles of Fe, Se, Ga, and As of the selenized thin film 
measured by Auger electron spectroscopy. The sample was selenized for 60 
min with a Se beam intensity of 4X 10"8 Torr at a substrate temperature of 
380 °C. The inserts are schematic diagrams of the selenization process of Fe 
film on GaAs(OOl) substrate on molecular beam epitaxy equipment. 

films before selenization were polycrystalline with a smooth 
surface. The grain size was assumed to be of the order of 
film thickness (600 nm). 

Figure 3 shows M-H curves of the selenized films mea- 
sured by the VSM. An external magnetic field, H was ap- 
plied along the GaAs [110] axis which was the in-plane di- 
rection of the film. Similar M-H curves were obtained from 
these samples in measurements with the applied magnetic 
field along [100] and [010] axes. The samples exhibited iso- 
tropic magnetic properties in the in-plane direction of the 
films. The coercive force calculated from the measured in- 
plane M-H curves of these samples was about 250 Oe, 
which did not depend on their selenized ratio. A saturation 
magnetization (Ms) of the samples decreased with the in- 
crease in the selenized ratio as shown in Fig. 4. This decrease 
in the saturated magnetization was attributed to a decrease of 
Fe atomic concentration in the films. The saturation magne- 
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FIG. 3. In-plane magnetic properties (M-H curve) of the selenized films 
measured by VSM. The external magnetic field, H was applied along 
GaAs[l 10] axis, which was the in-plane direction of the films. The selenized 
ratios of the samples are ll%(a), 35%(b), and 74%(c), respectively. 

tization Ms of the Fe^Se^, film was 120 emu/cc, which was 
larger than the reported value of Ms in bulk Fe7Se8 (65 
emu/cc at 290 K).4 

Figure 5 shows the M-H curves of the selenized films 
recorded by applying the magnetic field along the GaAs 
[001] axis, perpendicular to the films. The magnetic anisot- 
ropy between the in-plane and perpendicular directions of 
the film was weakened with the increase of the selenized 
ratio of the samples. This is because the thickness of the Fe 
layer decreases and that the Fe^.Se^ thin films exhibit an iso- 
tropic magnetization both in-plane and perpendicular to the 
film. The grain size of the samples increased with the in- 
crease in their selenized ratio, whereas the magnetic anisot- 
ropy in-plane/perpendicular to the films was weakened. As 
the structure of the obtained Fe^Se^ thin films is different 
from the reported structures of both bulk and epilayer, it has 
been difficult to determine a crystal structure of the Fe^Se^, 
samples from x-ray diffraction measurements at this mo- 
ment. A further study on structural analysis by using trans- 
mission electron microscopy is required. 
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FIG. 2. Dependence of grain size obtained from the SEM observations of 
the selenized films on their selenized ratio. 
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FIG. 4. Dependence of saturation magnetization (Ms) on the selenized ratio 
calculated from the in-plane M-H curves of the selenized films. 
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FIG. 5. Perpendicular magnetic properties {M-H curve) of the selenized 
films measured by VSM. The external magnetic field H was applied along 
the GaAs[001] axis, perpendicular to the films. The selenized ratios of the 
samples are ll%(a), 35%(b), and 74%(c), respectively. 

IV. CONCLUSION 

Structural and magnetic properties of the selenized Fe 
thin films prepared on GaAs(OOl) substrates were studied. 
The films consisted of poly crystalline grains 100-700 nm. 
The size of the grains became larger with the increase in the 

selenized ratio defined by the thickness ratio of 
FeA.Se},/(FexSe), + Fe). The saturation magnetization of the 
selenized films decreased with the increase in selenized ratio. 
It was also found that the magnetic anisotropy of in-plane/ 
perpendicular to the films was weakened with the increase in 
selenization ratio, which was interesting in contrast to the 
fact that the grain size of the films became larger. 
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Magnetic properties of the new phase of SrRu03 having a magnetic ordering temperature of 140 K 
(low-rc phase) is compared against that of the normal ferromagnetic phase of Tc= 160 K (high-7*f 

phase). The symmetric ac susceptibility curve and an S-shaped M vs H curve of the low-rc phase 
suggests a spin-glasslike behavior. However, the value of M at 80 K is comparable for both the 
phases and the low-!Tc phase shows no magnetic aging effect expected for a spin glass. The low-7c 

phase is thus a ferromagnetic phase, the difference in the magnetic behavior of the low-rc phase 
from that of the high-rc phase probably originates from the domain structure. © 1998 American 
Institute of Physics. [S0021-8979(98)30911-1] 

I. INTRODUCTION 

The ferromagnetic perovskite oxide, SrRu03, offers 
wide technological applications owing to its high electrical 
conductivity and the fact that thin films of high thermal and 
chemical stability can be fabricated.1 Polycrystalline and 
single crystal samples of SrRu03, usually synthesized at or 
above 1200 °C, undergo a paramagnetic to ferromagnetic 
transition below rc=160K.2 The Curie temperature of 
SrRu03 is known to decrease linearly with an increase in the 
applied pressure.3 Identical behavior is observed with in- 
creasing x in Sr1_^.CaxRu03; the Tc decreases with x and 
CaRu03 with x = 1 is an antiferromagnetic metal.4 Studies 
on transport and magnetic properties of thin film samples of 
SrRu03 showed that Tc for some of the films is 140 K (Ref. 
1) and if the film thickness is increased further, Tc= 160 K is 
obtained (no intermediate Tc value is reported).5 We have 
shown recently that polycrystalline samples also show simi- 
lar magnetic behavior.6 Polycrystalline SrRu03 when synthe- 
sized below 1150 °C showed a magnetic transition at 140 K 
(\ow-Tc phase) and if the processing temperature is increased 
above 1150 °C, the phase with Tc= 160 K (high-rc phase) is 
obtained without any drastic modification of crystal struc- 
ture. The crystal structure of the high-Tc phase of SrRu03 is 
related to the orthorhombic GdFe03 structure with lattice 
parameters a = 5.57Ä, & = 5.53Ä, and c = 7.85Ä.7 The 
low-rc phase also has the same structure with only a mar- 
ginal difference in the basal plane lattice parameters, a^b 
-5.6 Ä.6 

The observed difference between the shape of the ac 
susceptibility curves of the low- and high-rc phases was 
initially ascribed to a different type of magnetic ordering for 
the low-rc phase compared to the ferromagnetic ordering of 
the high-7^ phase.6 In this paper we report the results of a 
comparison of the magnetic behavior of the two phases of 
SrRu03. 

"'Electronic mail: joy@dalton.ncl.res.in 
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II. EXPERIMENT 

The synthesis of the low- and high-^ phases of SrRu03 

was previously reported.6 Initial studies showed that a small 
fraction of the high-rc phase is always present in the low-7^. 
phase (as evidenced from a small hump in the ac suscepti- 
bility curve at 160 K) which could not be eliminated by 
varying the synthesis or processing conditions. Formation of 
the compounds was checked by powder x-ray-diffraction 
measurements. The microstructural features of both the 
samples were obtained using a Leica-Cambridge 440 scan- 
ning electron microscope (SEM). SEM revealed that the par- 
ticles were almost spherical with comparable particle sizes, 
~300nm and —500 nm for the low- and high-Tc phases, 
respectively, ac susceptibility was measured using mutual 
inductance method in an APD close cycle helium cryostat in 
the temperature range 15-300 K at 27 Hz and 10 Oe. High 
field dc magnetization and the field cooled (FC) and zero 
field cooled (ZFC) magnetization studies (80-300 K) at 100 
Oe were performed using a PAR EG&G vibrating sample 
magnetometer, Model 4500. All the experiments on both 
phases were carried out under identical conditions. 

III. RESULTS AND DISCUSSION 

Temperature variation of the inverse magnetic suscepti- 
bility of the two different phases of SrRu03 are shown in 
Fig. 1. From the magnetization data, Tc is obtained as 
~160K and —140K for the two phases. In the paramag- 
netic region, above 225 K, both the x~l(T) curves follow 
Curie-Weiss behavior. The calculated effective magnetic 
moment, /neft, and the paramagnetic Curie temperature, 0, 
for the high-rc phase are 2.T$>fiB and 165 K, and the corre- 
sponding values for the low-7c phase are 2.73/xß and 144 K, 
respectively. The ßeff values are close to that expected for an 
S=l system (in SrRu03, Ru4+ which is a d4 ion is present 
in the low spin state 5=1). The lower value of Tc for the 
new phase is due to the larger distortion of the Ru06 octa- 
hedra which in turn changes the Ru-Ru exchange integral 
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FIG. 1. x \T) curves of the two different phases of SrRu03 showing 
Curie-Weiss behavior above 225 K, (a) low-Tc phase, Tc= 140 K and (b) 
high-7"c phase, T= 160 K. 

compared to that of the high~rc phase and not due to the 
difference in particle size as the particle sizes of both phases 
are comparable. 

Figure 2 shows the ac magnetic susceptibility curves of 
the two phases of SrRu03. The high-rc phase shows a sharp 
peak corresponding to the ferromagnetic transition at 160 K 
whereas for the low-rc phase, a symmetric peak is obtained 
at 140 K apart from the small hump at 160 K which is due to 
the contribution from the high-!Tc phase. The difference be- 
tween the shape of the two curves indicates that the type of 
magnetic ordering of the low-Tc phase is probably different 
from that of the other phase. Symmetric ac susceptibility 
curves are usually expected for a spin glass whereas the 
behavior observed for the high-rc phase is similar to that 
reported previously3 for SrRu03 and is assigned to the Hop- 
kinson effect,9 or to that of cluster-glass-type compounds.10 

Figure 3 shows the M vs H curves of the two phases 
recorded at 80 K up to a field strength of 15 kOe. Interest- 
ingly, the low-Tc phase shows a behavior different from that 
of the high-rc phase. The magnetization curve is more or 
less S shaped and the total magnetization at 15 kOe is 
slightly less for this phase though the value is very high 
compared to spin glasses. The symmetric ac susceptibility 
curve with the S-shaped M-H curve is indicative of a spin- 
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FIG. 3. The magnetization curves of (a) low-7*,. phase and (b) high-Tc phase 
of SrRu03. 

glasslike behavior of the low-rc phase. The reduced rema- 
nent magnetization, RM = MrIMs, where Mr and Ms are the 
remanence and saturation magnetization (at 15 kOe), is iden- 
tical for both the phases ( — 0.77). For polycrystalline ferro- 
magnetic samples, this ratio is a measure of the anisotropy 
energy and the observed value is in the range expected for 
such specimens.11 This indicates that the low-rc phase is 
another ferromagnetic phase of SrRu03. The above value of 
RM is close to that calculated [using i?M=0.25n sin(-n/ra) 
=»0.74, where n is the number of equivalent directions] for a 
planar distribution of four easy directions in which two types 
of uniaxial anisotropies act simultaneously.12 

In Fig. 4, the FC and ZFC curves of the two phases are 
compared. For the high-2",, phase, the irreversibility starts at 
the Tc. Both the low- and high-Tc phases show large and 
comparable differences between the FC and ZFC magnetiza- 
tion values at 80 K and show identical behavior. Owing to 
the presence of a small fraction of the high-rc phase in the 
low-rc phase, the FC and ZFC curves start deviating at 160 
K for the low-rc phase as well. This suggests that the low-Tc 
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FIG. 2. Xac vs T curves of (a) low-Tc phase and (b) high-rc phase of 
SrRu03. 

FIG. 4.  The temperature dependence of FC and ZFC magnetization of 
SrRuQ3 measured at 100 Oe, (a) low-rc phase and (b) high-rc phase. 
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phase is not related to a spin-glass or cluster-glass system. It 
may also be noted that the total magnetization of the low-Tc 

phase is only slightly smaller than that of the high-rc phase, 
in contrast to the very small magnetization expected for a 
true spin-glass system. 

We have performed magnetic relaxation experiments on 
both phases to find whether there is any difference in the 
behavior between the two systems. For this, the samples 
were cooled across Tc in a magnetic field of 100 Oe to a 
temperature, t=Q.7Tc, and the magnetic field was switched 
off after a waiting period t„= 100 s. The residual magneti- 
zation was recorded as a function of time (for 105 s) keeping 
the temperature constant. The experiment was also per- 
formed with ^=3000 s. Both the low- and high-7c phases 
behaved in a similar manner, with no aging effect. Absence 
of aging effect for both the phases then indicates that the 
low-rc phase is also undergoing a ferromagnetic transition at 
140 K. The observed difference in the shape of the ac sus- 
ceptibility curve as well as the S-shaped M-H curve of the 
low-Tc phase is then probably a manifestation of the differ- 
ence in the domain structure or the inequality of the two 
types of uniaxial anisotropies, which needs to be investigated 
further. 
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We have grown epitaxial thin films of the conductive ferromagnetic oxide SrRu03 on vicinal (001) 
SrTi03 substrates with different miscut angles and miscut direction. Scanning tunneling microscopy 
and x-ray diffraction studies indicate that when the miscut angle of the substrate is small (a 
=£ 1 °), the films grow by a combination of two-dimensional nucleation and step flow leading to a 
two domain in-plane texture. As the miscut angle of the substrate is increased, complete step flow 
growth occurs resulting in single domain thin films if the miscut direction is close to the [010] 
direction. When the miscut direction of the substrate is changed towards the in-plane [110] 
direction, two directional step flow growth occurs leading to two domain texture with both domains 
being present in equal volume fraction. Such differences in the growth mechanism and domain 
structure of the films lead to significant differences in their magnetization and magnetotransport 
behavior.   © 1998 American Institute of Physics. [S0021-8979(98)31011-7] 

Epitaxial thin films and heterostructures of magnetic ox- 
ide materials have great potential for novel electronic and 
magnetic device applications. However, the properties of 
these devices are sensitive to the surface morphology and 
microstructure of the thin films. Furthermore, atomic scale 
control of the surface morphology and interfaces is very im- 
portant in the fabrication of spin-polarized tunneling1 in co- 
lossal magnetoresistive (CMR) manganites2 and other multi- 
layered heterostructure devices. Therefore, controlling the 
growth mechanisms of magnetic oxide thin films is essential 
for device applications. Recently, we have controlled the 
growth of magnetic metallic oxide SrRu03 thin films3 in 
three different growth modes and studied the influence of the 
growth mechanism on domain structure4 by using substrate 
miscut and lattice mismatch as additional growth parameters. 
In this report, we elaborate on the influence of miscut angle 
and direction of vicinal (001) SrTi03 substrates on the step 
flow growth, the resulting domain structure, and the magne- 
totransport properties of SrRu03 thin films. 

SrRu03 is an itinerant ferromagnet with a Curie tem- 
perature of about 160 K in the bulk material. It has a 
GdFe03-type pseudocubic perovskite structure with a bulk 
lattice parameter of 3.93 Ä. This material exhibits strong 
magnetocrystalline anisotropy in single crystal bulk5,6 and 
single domain thin film7 samples. Single crystal epitaxial 
SrRu03 thin films have been grown on miscut (001) SrTi03 

substrates,8 which allows us to study intrinsic anisotropic 
materials behavior. 

The SrRu03 thin films were deposited from a 2 in. di- 
ameter stoichiometric composite target using a 90° off-axis 
sputtering technique9'10 on vicinal (001) SrTi03 substrates. 
During deposition, the operating pressure was held at 200 
mTorr (60%Ar/40%O2) and the substrate block temperature 
was in the range of 600-680 °C. After deposition, the 
samples were cooled down to room temperature in an oxy- 
gen pressure of 300 Torr. Films with thickness in the range 

"Electronic mail: eom@acpub.duke.edu 

of 1000-3000 Ä were deposited. At these growth conditions, 
the SrRu03 (110) plane grows readily on the SrTi03 (001) 
face,as the energetically favorable direction for fast growth. 
All the miller indices for SrRu03 referred to in this work are 
based on the orthorhombic unit cell. 

Vicinal (001) SrTi03 substrates with miscut angle (a) in 
the range of 0°-4° and miscut direction varying from and 
towards the in-plane [010] direction (ß*=>0°) to close to in- 
plane [110] direction (/3«=45°), were used to investigate the 
effect of miscut angle and direction. The growth mechanism 
and surface morphology of the films were studied by STM 
and atomic force microscopy (AFM). All the films were 
scanned such that the scan direction (one edge of the image) 
was parallel to the substrate [010] direction. The crystallo- 
graphic domain structure was studied by four circle x-ray 
diffraction. Due to the small lattice mismatch between the 
film and substrate ( — 0.64%), all the films had a coherent 
growth resulting in a strained lattice with in-plane lattice 
parameters close to that of the substrate (3.91 Ä) and an 
out-of-plane lattice parameter of 3.96 Ä. Furthermore, all the 
films had a purely (110) texture normal to the substrate. 

The influence of a was studied by comparing films de- 
posited on substrates with similar ß values (/?=£12°) but 
different a. On 0° miscut or exact (001) SrTi03 substrates, 
the film grows by two-dimensional nucleation resulting in a 
smooth surface and a two domain in-plane texture as de- 
scribed in Ref. 3. As the miscut angle of the substrate is 
increased, the substrate surface shows a periodic step terrace 
structure with the terrace width being determined by the mis- 
cut angle of the substrate. For vicinal substrates with miscut 
direction close to the in-plane [010] axis (/3~0°), the (010) 
plane of SrTi03 is also preferentially exposed at the steps on 
the substrate which leads to a step flow growth mechanism.11 

If the miscut angle is too small, then the terrace width on the 
substrate is larger than the critical surface diffusion length of 
the film adatoms. As a result, the supersaturation of the ada- 
toms reaches a critical value on the terraces and two- 
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FIG. 1. SrRu03 thin film on (001) SrTi03 substrate with <* = 0.7° and ß 
= 1 °: (a) STM image showing meandering steps and (b) x-ray <f> scan of the 
off-axis (221) reflection. 

dimensional nucleation occurs on the terrace. The film 
growth then proceeds by a combination of step flow and 
two-dimensional nucleation. 

Figure 1(a) shows the STM image of a SrRu03 film 
deposited on vicinal (001) SrTi03 substrate with a=0.7° and 
ß=\.0°. The film surface shows meandering semicircular 
shaped steps, which indicate that the growth did indeed pro- 
ceed by a combination of step flow and two-dimensional 
nucleation, as expected. The step height on the film varies 
between 4 and 12 Ä. This film has a smooth surface with a 
root mean square (rms) roughness of 5 Ä over a 1 ixmX\ 
fim scan area. The x-ray (/> scans of the (221) reflection of 
the film is shown in Fig. 1(b). Four peaks are observed indi- 
cating a two domain structure with an in-plane alignment of 
SrRuO3[110],[001]//SrTiO3[010] and SrRuO3[001],[110]// 
SrTiO3[100]. However, due to the partial step flow growth, 
the [110] direction of SrRu03 tends to align along the miscut 
direction or [010] direction of the substrate. Therefore, the 
domain with an epitaxial arrangement of SrRuO3[110]//SrTi 
O3[010] and SrRuO3[001]//SrTiO3[100] is found to be pre- 
dominant. 

As the miscut angle of the substrate is increased to 
greater than 2° the film grows completely by step flow 
growth and no two-dimensional nucleation is observed. The 
film surface typically shows straight steps with step bunch- 
ing, although half and single unit cell high steps can be dis- 
tinguished in some of the bunched steps. Figure 2(a) shows 
the STM image and section analysis of a SrRu03 film grown 
on a vicinal (001) SrTi03 substrate with a = 4.1° and ß 
= 11°. The step height on the film surface varied between 10 

1UUO 
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2*100 
U 

ß = 12° 

£• 

1 io 

^rmm W*t^ 
90 180     270    360 

<b (degree) 

FIG. 2. SrRu03 thin film on (001) SrTi03 substrate with « = 4.1° and ß 
= 11°: (a) STM image showing straight steps and (b) x-ray <f> scan of the 
off-axis (221) reflection. 

and 37 Ä. The rms surface roughness was found to be 9.2 Ä 
over a 1 /iimXl fjxn scan area. The complete one directional 
step flow growth led to a single domain texture as evidenced 
by two peaks separated by 180° in the x-ray </> scans of the 
(221) reflection shown in Fig. 2(b). The in-plane epitaxial 
arrangement is SrRuO3[110]//SrTiO3[010] and SrRu 
O3[001]//SrTiO3[100]. As the miscut angle is further in- 
creased, the step height on the film surface increases leading 
to a corresponding increase in the rms surface roughness of 
the films. The increase in the step height with the miscut 
angle is consistent with the bunching phenomenon observed 
in the step flow growth model. 

We have also investigated the effect of changing the 
miscut direction, /?, on the growth mechanism and domain 
structure, by comparing films deposited on 2° miscut SrTi03 

substrates with /3=12° and /3 = 45°. The SrRu03 film de- 
posited on the former substrate showed a straight step pat- 
tern. The film surface shows step bunching with the bunched 
step height varying between 10 and 30 A. The rms surface 
roughness is 8 Ä over a 1 /xmX 1 /xm scan area. Although the 
miscut direction is 12° away from the in-plane [010] direc- 
tion, the film surface shows only a few kink sites, indicating 
that the step flow is dominated by the majority planes ex- 
posed at the step sites. This one directional step flow leads to 
a single domain texture with the same in-plane epitaxial 
alignment as the film on 4.1° the miscut substrate, as shown 
in Fig. 2(b). 

However, on the latter substrate (/3~45°) both the (010) 
and (100) plane are exposed in equal proportions at the step 
sites. Therefore, it is expected that step flow growth occurs- 
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FIG. 3. SrRu03 thin film on (001) SrTi03 substrate with a = 2.0° and ß 
= 45°: (a) STM image showing two directional step flow and (b) x-ray 0 
scan of the off-axis (221) reflection. 

equally along both directions with no single direction domi- 
nating the growth. This should lead to a two domain in-plane 
texture. 

Figure 3(a) shows the STM image of a SrRu03 film 
deposited on the substrate with /3 = 45°. As expected, the 
film surface shows a step pattern indicating step flow growth 
in two orthogonal directions. The bunched step height on the 
film surface varies between 8 and 25 Ä. Single and half unit 
cell high steps can be distinguished in the bunched steps. 
Due to the two directional step flow, several kink sites are 
observed on the film surface. The film surface has a rms 
surface roughness of 6.4 Ä over a 1 /im XI p,m scan area. 
Figure 3(b) shows the x-ray diffraction <f> scans of the (221) 
reflection for this film. Four peaks separated by 90° from 
each other are observed, indicating a two domain in-plane 
alignment. Furthermore, the four peaks are of equal intensity 
which implies that the two domains are present in equal vol- 
ume fraction. 

Such changes in the growth mechanism and domain 
structure can lead to significant differences in the magneti- 
zation and magnetotransport properties of the film. 

Figure 4 shows the magnetoresistance (MR) as a func- 
tion of field for the single domain film obtained on miscut 
substrate with a = 2°, /?= 12° and the two domain film ob- 
tained on miscut substrate with a =0.7°, ß-l°, respec- 
tively. The magnetoresistance is calculated as: MR 
= [p(#)-p(0)]/p(0), where p(H) and p(0) are the resistiv- 
ity at a field H and at zero field, respectively. As is evident 
from Figs. 4(a) and 4(b), the single domain film shows an- 
isotropic behavior when the field is applied along the two 

TS ? 
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-4   0   4 
Field (Tesla) 

-4   0   4   8   12 
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FIG. 4. The magnetoresistance (MR) as a function of applied field at 5 K for 
(a) and (b) single domain film on (001) SrTi03 substrate with a = 2° and 
/3= 12° along the two different directions of applied field and (c) two do- 
main film on (001) SrTi03 substrate with a = 0.T and ß=l°. The inset 
shows the field (H) and current (J) directions with respect to the miscut 
direction of the substrate. 

different in-plane directions. This anisotropic behavior is at- 
tributed to the inherent magnetocrystalline anisotropy of 
SrRu03 which is a result of the large spin-orbit coupling of 
Ru. Figure 4(c) shows the MR versus field behavior for the 
two domain film with field applied along the miscut direc- 
tion. An almost identical MR behavior is expected when the 
field is also applied perpendicular to the miscut direction as 
observed in multidomain films deposited on (001) LaA103 

substrates.12 Thus, the anisotropy in the magnetic and mag- 
netoresistance properties of SrRu03 thin films are dependent 
on the crystallographic domain structures of the films. 
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The low temperature magnetic properties of the Li2Cu02 compound have been investigated by 
means of superconducting quantum interference device magnetometry. We find in addition to an 
antiferromagnetic phase below 9.5 K a ferromagnetic-like steep rise of the magnetization around 2.8 
K. The observed low temperature behavior is discussed by considering second and fourth order 
magnetocrystalline effective anisotropy coefficients, in addition to the exchange couplings reported 
in the literature.   © 7998 American Institute of Physics. [S0021 -8979(98)31111-1] 

The magnetic properties of ternary copper oxides are 
currently of considerable interest, in particular with respect 
to high Tc superconducting compounds. Unlike these perov- 
skite systems the Li2Cu02 compound investigated here ex- 
hibits an orthorhombic structure consisting of Cu02 planes 
stacked along the crystallographic c axis, and separated by 
Li-rich layers. Within a Cu02 plane the Cu ions are lined up 
in chains.1'2 Thus this compound was expected to exhibit 
magnetic properties reminiscent to a one dimensional 
magnet.3 The magnetic structure of this compound as deter- 
mined by neutron diffraction2 may be described as follows: 
the magnetic moments within the Cu02 planes are ferromag- 
netically ordered, whereas neighboring planes are coupled 
antiferromagnetically (AF) along the c axis. In addition to an 
AF ordering transition at TN=9.5 K, we observe at tempera- 
tures below 2.8 K the appearance of a ferromagnetic compo- 
nent along the direction of the applied magnetic field. We 
argue that the observed magnetic behavior corresponds to a 
noncollinear arrangement of the spin layers due to competing 
magnetocrystalline anisotropies and interlayer exchange cou- 
pling. Experimental evidence supporting this argument is 
presented. 

The procedure for fabricating the polycrystalline 
Li2Cu02 compound has been described elsewhere.2 The x- 
ray diffraction patterns of the sample corresponds to a single 
crystallographic phase. The magnetic properties have been 
measured by means of superconducting quantum interfer- 
ence device (SQUID) magnetometry with applied magnetic 
fields up to 10 kOe, and in the temperature range between 2 
and 300 K. In all our experiments the temperature depen- 
dence of the magnetization is measured during warming 
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scans. It is important to point out that independent samples 
fabricated and measured at two different places yield identi- 
cal structural and magnetic properties. 

As has already been reported in the literature,1,2 the mag- 
netic properties of the Li2Cu02 compound (i) exhibits an AF 
ground state with a Neel temperature TN*°*9K, and (ii) 
shows a Curie-Weiss behavior of the paramagnetic suscep- 
tibility above TN, with a paramagnetic Curie temperature of 
about @« -40 K. In addition we have observed the appear- 
ance of a ferromagnetic component of the magnetization ori- 
ented along the applied magnetic field for temperatures be- 
low 2.8 K, cf. Fig. 1. The samples were field cooled (FC) in 
an applied field of 10 Oe, as well as zero field cooled (ZFC) 
down to 2.0 K. With increasing temperatures the magnetiza- 
tion for both ZFC and FC conditions were measured by ap- 
plying a magnetic field of 10 Oe. We notice that both curves 
overlap above 2.8 K, and show the characteristic kink at the 
Neel temperature TN. Note also the change of scale of the 
magnetization for the data taken above 4 K, cf. Fig. 1(b). In 
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FIG. 1. Temperature dependence of the magnetization of a Li2Cu02 sample 
(67.3 mg). ZFC denotes cooling the sample down to 2.0 K in zero applied 
field; FC is cooled in a magnetic field of about 10 Oe. (a) Transition from a 
noncollinear arrangement of the spin layers to a purely AF phase above 2.8 
K. (b) Transition from the AF to the paramagnetic phase, with the Neel 
temperature TN*=>9.5 K. 
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FIG. 2. Magnetic loops of a Li2Cu02 sample (67.3 mg) as a function of 
applied magnetic field. The samples are cooled in zero applied field (ZFC) 
down to 2.2 K. (a) T=2.2 K; first the virgin curve is measured, then the 
sample is cycled between ff=±10kOe. (b) Linear magnetic loops mea- 
sured at T=5 K (•), T=9 K (A), and r= 14 K (T). The hysteresis loop 
obtained for T=2.2 K (O) is also shown for comparison. 

addition we have monitored the magnetic hysteresis loops 
M(H) below and above 2.8 K. In the former case we ob- 
serve a small remanent magnetization, cf. Fig. 2(a) for T 
=2.2 K, and a resulting coercive field of about Hc*=* 12 Oe. 
Within these measurements the samples were cooled in ZFC 
down to 2.2 K. First the virgin magnetization curve M(H) is 
monitored, then the complete hysteresis loop is measured by 
cycling the external field through ± 10 kOe. We find that the 
loops close and the reversible part of the magnetization 
M(H) is reached for magnetic fields above |H| = 100 Oe. 

No remanence was observed for temperatures above 2.8 
K, as shown in Fig. 2(b) for temperatures of about 5, 9, and 
14 K. However, for all temperatures investigated the magne- 
tization curves M{H) stay in the linear regime and do not 
saturate at even the strongest available applied fields, result- 
ing in a high field susceptibility xhf*»2.6X 10~5 emu/gOe at 
7=2.2 K. We note that a complete saturation of the Cu2+ 

ions would render a specific magnetization of about as 

= 51 emu/g, assuming 7= 1/2 spins. 
In addition we have measured the susceptibility in the 

paramagnetic phase. A Curie-Weiss behavior was observed, 
yielding a Curie constant CM«*0.41 emuK/molOe and the 
paramagnetic Curie temperature ©<=-15K, which differs 
from the one reported previously.2 From our data we con- 
clude a magnetic moment yu,« 1.05 fiB per Cu ion, which is 
consistent with a recent neutron diffraction study yielding a 
magnetic moment of ^«0.96(4) JXB ? 

The above results can be explained in terms of a uniaxial 
magnetocrystalline anisotropy determining the direction of 
the magnetization with respect to the c axis. Commonly, the 
uniaxial anisotropy is given as a series in powers of cos 6, 6 
being the angle between the magnetization and the c axis. 
The anisotropic part of the free energy per spin pair may be 
written as 

F(T,Ol,62)=-Jc(T)cos(6l-02)-K2(T)(cos2 0X 

+ cos2 02)-#4(7)(cos4 f?] + COS4 62). 

K2{T) and K4(T) are the second and fourth order effective, 
i.e., temperature dependent, lattice anisotropy coefficients. 
Expressions of these coefficients as calculated by, e.g., a 
thermodynamic perturbational expansion of the free energy 

Zi 

(a) (b) 

FIG. 3. Sketch of the spin arrangements of two neighboring Cu02 layers for 
(a) the purely AF phase, and (b) the noncollinear phase. Note that the latter 
is metastable since it refers to a local minimum of the free energy. It exhibits 
a finite remanent magnetization, and may vanish above some temperature 
Tx. 8 is the canting angle between the magnetization and the crystallo- 
graphic c axis. 

are given in Ref. 4. Note that for K24>0 a magnetization 
parallel to the c axis is favored (0=0), and a perpendicular 
orientation (d=ir/2) for K2A<0. Jc(T)<0 is the effective 
interlayer exchange coupling connecting q nearest neighbors 
in adjacent Cu02 layers, and favoring an AF alignment. 
Minimization of F(T,0i,d2) with respect to 6{ and 82 re- 
veals the equilibrium canting angles. The most stable state is 
always the purely AF spin arrangement with #2=05 + 77 and 
a vanishing total magnetization. The case of competing 
anisotropies K2>0 and Ä"4<0 may result in a canted 
magnetization,4 i.e., 0<0<TT/2, cf. Fig. 3(a). 

Most importantly, two additional metastable states may 
occur corresponding to a noncollinear spin arrangement, cf. 
Fig. 3(b), which may be in parts thermally populated. The 
respective canting angles 6X and 02=-6t are determined by 
JC(T), K2(T), and KA{T) (and also by an applied magnetic 
field if present), and should be close to 7r/2. Quite interest- 
ingly, due to the effective temperature variation of the in- 
volved interactions, the metastable state may vanish above 
some temperature Tx, probably around 2.8 K in the present 
case. However, below Tx and in the absence of an applied 
field the two metastable states refer to oppositely oriented 
magnetizations. Since these two states have the same free 
energy, they are equally populated, but less populated than 
the purely AF state. The occupation ratio may be given by 
<xexp(—AF/kBT), where AF is the free energy difference be- 
tween the stable and the two metastable states. An applied 
magnetic field may cause a different thermal population of 
these two metastable states, yielding a small but finite rem- 
anent magnetization, cf. the hysteresis loop shown in Fig. 
2(a). Also shown in this figure is the virgin curve, i.e., the 
sample was cooled down to 2.2 K in vanishing magnetic 
field, resulting in equally populated metastable minima and 
thus in a vanishing remanence. Furthermore, the ZFC mag- 
netization should vanish at temperatures close to 7=0, since 
then the equilibrium thermal population of the metastable 
states would be vanishingly small. A complete description of 
the model and the theoretical results will be presented else- 
where. 

We do not think that Tx refers to a blocking temperature 
as present in superparamagnetic systems, since our systems 
exhibit infinitely extended and strongly coupled ferromag- 
netic layers. Of course each layer may break up into mag- 
netic domains which will determine essentially the behavior 
of the hysteresis loops, cf. Fig. 2(a). 

In conclusion, the low temperature magnetic properties 
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of the Li2Cu02 compound have been investigated by experi- 
mental and theoretical means. At temperatures below 2.8 K 
the pure AF arrangement of the spin layers is disturbed by 
the appearance of metastable minima of the free energy, re- 
ferring to a noncollinear spin arrangement. The origin of 
such spin configuration is the competition between the AF 
interlayer exchange coupling, and the magnetocrystalline an- 
isotropy causing a canted magnetization. The thermal popu- 
lation of such minima is observed by the appearance of a 
finite remanence and coercivity below 2.8 K. Above this 
temperature the metastable states vanish due to the effective 
temperature dependence of the involved interactions. At el- 
evated temperatures the compound is an antiferromagnet 
with Neel temperature TN^ 9.5 K. The high temperature 
paramagnetic susceptibility, which closely obeys the Curie- 
Weiss law, reveals a magnetic moment of about 1 [iB per Cu 
ion. 
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After establishing the usefulness of ion implantation to synthesize diluted magnetic semiconductors 
(DMSs) for the case of Zn^Co^Te, we apply this technique to obtain Ni-based DMS which has 
not been reported before. Ni ions are implanted into a ZnTe film with acceleration energies from 30 
to 390 keV to achieve a Ni density of 3 X 1020/cm3. Magnetic circular dichroism (MCD) spectra 
show that the Ni ions substitute Zn ions and induce sizable Zeeman splittings of the optical 
transitions. Analyses of the MCD spectra show that the p-d exchange in Zn^Ni/Te is 
antiferromagnetic.   © 1998 American Institute of Physics. [S0021-8979(98)43811-8] 

I. INTRODUCTION 

Diluted magnetic semiconductors (DMSs)1 are solid so- 
lutions of II-VI semiconductors with some cations replaced 
by 3 d transition-metal ions. DMS shows a variety of inter- 
esting phenomena such as the giant Faraday effect. These 
anomalous spin-dependent properties of DMS arise from a 
strong hybridization between the sp band carriers of the host 
semiconductors and the localized d orbitals of the transition- 
metal ions in the tetrahedral (Td) symmetry. Therefore, the 
properties of DMS should sensitively depend on the 
transition-metal ions. The sp -d exchange interactions in 
DMS with different transition-metal ions ranging form Sc to 
Cu have been investigated theoretically.2-4 However, only 
Mn-, Fe-, and Co-based DMS have been studied experimen- 
tally. Recently Cr-based new DMS was also synthesized.5 

But there have been no experimental reports on DMS with 
Sc, Ti, V, Ni, or Cu ions. These ions do not substitute the 
cations of the host II-VI semiconductor under the ther- 
moequilibrium conditions in which the bulk crystals were 
grown. One must develop nonfhermoequilibrium synthesis 
methods to break the solubility limit of the transition metal 
ions into the host semiconductor materials. We already know 
such examples. Zinc-blende type Cdj^Mn/Te with a Mn 
concentration higher than x = 0.7 cannot be obtained as bulk 
crystals. But epitaxial films of these metastable DMSs have 
been obtained by the molecular beam epitaxy (MBE).6'7 The 
MBE method was also used to expand the Cr concentration 
limit in Cr-based DMS8 up to at least x- 0.08. But the MBE 
method has not successfully synthesized Ni-based DMS. 

In this article, we report on the first successful synthesis 
of Ni-based DMS by using ion implantation method.9 We 
demonstrate that DMS can be synthesized by ion implanta- 
tion by showing the case of Co-based DMS which has been 
well-studied. Next we show the synthesis of Zn^^Ni^Te and 
discuss its sp -d exchange interactions. 

"'Electronic mail: ando@etl.go.jp 

II. EXPERIMENT 

ZnTe films were epitaxially grown on sapphire (0001) 
substrates by MBE. The typical thickness of the film was 
about 200 nm. ZnTe films were implanted with ions of en- 
ergy 30-390 keV to doses up to 1 X 1016/cm2 at room tem- 
perature. The implanted depths estimated for the energy of 
200 keV were about 100 nm. Therefore, for the dose of 1 
X 1016/cm2, the concentration of the transition metal ions 
can be a few percent of the total cations. 

Magnetic circular dichroism (MCD) measurements10 

were used to detect the synthesized DMS. MCD measures 
the relative difference of the circular polarization dependent 
optical absorption under the applied magnetic field, i.e., 
2(K_-K+)/(K+ + K-), where K. and K+ are optical ab- 
sorption coefficient for a+ and <r_ polarizations, respec- 
tively. The optical absorption depends on the circular polar- 
ization due to the Zeeman splittings of the band structures. 
Because the strong sp-d exchange interaction of DMS 
should lead to sizable Zeeman splittings of the optical tran- 
sitions, the MCD spectroscopy sensitively detects the DMSs 
and explores their electronic structures. We measured the 
MCD spectra with alternating a+ and cr_ circularly polar- 
ized light (50 kHz) produced by a quartz stress-modulator. 
One degree of MCD corresponds to a 7% difference of op- 
tical absorption. The magnetic field was applied along the 
light propagation direction (i.e., Faraday configuration). 

III. SYNTHESIS OF Zn^CoJ'e BY ION 
IMPLANTATION 

Figure 1 shows the MCD spectra of ZnTe films with and 
without the ion implantations. The ZnTe film showed a small 
positive peak at its band-gap energy E0 of 2.40 eV [Fig. 
1(a)]. This is due to the diamagnetic Zeeman effect of the 
exciton at the T point. This peak became weaker and broader 
by the defects induced by Zn implantation of the dose of 5 
X 1016/cm2 at 200 keV [Fig. 1(b)]. This shows that the de- 
fects do not induce the magneto-optic effect. Therefore we 
can attribute the appearance of new MCD structures in the 
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FIG. 1. MCD spectra at 5 K and 1 T of (a) pure ZnTe, (b) as-implanted 
ZnTe:Zn(5X1016Zn/cm2), (c) as-implanted ZnTe:Co(lX1016 Co/cm2), and 
(d) ZnTe:Co(lX1016 Co/cm2) after annealing at 500 °C for 1 min. A part of 
(d) is magnified for clarity. 
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FIG. 2. MCD spectra at 5 K and 1 T of a Ni implanted ZnTe film with Ni 
density of 3 X 1020/cc after annealing at 300 °C for 1 min. 

sp-d exchange interaction.13 The MCD selectively detects 
the synthesized part of Zn^^Co^Te. 

ZnTe:Ni 

E„ 

Ei 

Ei fA, 

5K 1 
IT 
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transition-metal ion implanted films to the change of the 
electronic states caused by the transition-metal ions. Figure 
1(c) is a spectrum of the Co implanted ZnTe film of the dose 
of 1 X 1016/cm2 at 200 keV. Sharp MCD peaks appeared in a 
spectral range of 1.4-1.5 eV. Near the band-gap energy E0 

of ZnTe, a broad negative peak appeared. At the photon en- 
ergy range between 3.5 and 4.5 eV, a complex structure also 
appeared. A thermal annealing of the Co implanted film at 
500 °C for 1 min in a forming gas (90% N2, 10% H2) sharp- 
ened the spectral structures especially at an energy range 
higher than 2 eV. It becomes clear that the complex structure 
near 4 eV is composed of the two dispersion-type structures 
centered at 3.76 and 4.32 eV. These photon energies are 
exactly coincident with the energies of the spin-orbit split Ex 

and J5i + Ai optical transitions of ZnTe. 
The d-d* intraionic transitions of the Co2+ ion in the 

Td symmetry have been experimentally studied in 
Cd^Co/Te,11 Zn^Co^S,12 and Zn.^Co^Se crystals.12 

Two strong optical transitions from the ground state AA2{AF) 
to the excited state ATX(

AP) were reported at 1.348 and 1.362 
eV in Cdj-jCo^Te. These energies correspond to the two 
positive MCD peaks at 1.370 and 1.384 eV as shown in the 
magnified part of Fig. 1(d). The d-d* transitions are also 
known to accompany weaker absorption lines at about 0.1- 
0.2 eV higher energies.12 The small negative MCD peaks at 
1.468 and 1.538 eV of Fig. 1(d) correspond to the weaker 
absorption lines of the 4A2(4F)->47,

1(
4.P) transitions. 

Therefore the MCD peaks at 1.4-1.5 eV are the fingerprints 
of Co2+ in the Td symmetry. This is clear evidence that the 
implanted Co ions substituted Zn ions, at least partly, and 
that Znj.jCOjTe was successfully synthesized. 

Appearances of the strong MCD structures at the ener- 
gies corresponding E0, Ex, and Ex + Lx critical points are 
due to a well known strong sp-d exchange interaction in 
Co-based DMS.1 At present it is not clear what percentage of 
the implanted Co ions substituted Zn ions. Only the 
transition-metal ions in the Td symmetry sites can induce the 

IV. ZrwN^Te AND ITS sp-d EXCHANGE 
INTERACTION 

We applied the ion implantation method to obtain a 
heretofore unknown new DMS, Zn, _xNij.Te. Ni ions were 
implanted with five different acceleration energies ranging 
from 30 to 390 keV to obtain a 200 nm thick implanted layer 
with a uniform Ni ion density of 3 X 1020/cm3. The ZnTe:Ni 
sample annealed at 300 °C for 1 min shows the characteristic 
MCD structures (Fig. 2) of DMS to be the same as 
Zn^COjTe [Fig. 1(d)]. This indicated that Zn^Ni/Te was 
successfully synthesized. 

The polarities of the MCD peaks strongly correlate with 
the polarity of the p-d exchange interaction. In DMS the 
p-d exchange interaction is much stronger than the s-d 
exchange.1 Then the p-d exchange interaction determines 
the polarity of the Zeeman split, which in turn determines the 
polarity of MCD. We have shown that at the E0 band edge 
the antigerromagnetic (AF) p-d exchange induces the nega- 
tive MCD peak, and the ferromagnetic (F) p-d exchange 
induces the positive MCD peak.8 Then the negative MCD 
peaks at E0 in ZnTe:Co and ZnTe:Ni films strongly suggest 
the AF p-d exchange in Zn^^Co^Te and Zn^^Ni/Te. In- 
deed, it is well know that the p-d exchange in Co-based 
DMS is antiferromagnetic.1 

This conclusion of AF p-d exchange interaction in 
Zn^j-NijTe was also supported from the MCD structures at 
the £, and Ex + A, optical transitions (Fig. 3). The spectra of 
ZnTe, ZnTe:Co, and ZnTe:Ni samples are shown together 
with that of a MBE grown Zn095Cr005Te film.8 Two peak 
structures of the pure ZnTe film are both positive at Ex and 
£i + A]. The ZnTe:Co film clearly shows the inverted po- 
larity of the £ j MCD peak. The polarity of the E, + A, MCD 
peak remained the same as that of ZnTe. It has been shown 
that the hybridization between the d orbitals and the p va- 
lence band causes the Zeeman splittings of the Ex and E{ 

+ A[ transitions in opposite directions.14 The Ex inverted 
and £i + Aj noninverted MCD structures correspond to the 
AF p-d exchange. If the p-d exchange is ferromagnetic, 
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FIG. 3. MCD spectra at £, and £, + A, of MBE grown ZnTe, MBE grown 
Zn095Cr005Te samples, as-implanted ZnTe:Co(lX1016 Co/cm2) and as- 
implanted ZnTe:Ni(lX1016Ni/cm2) samples measured at 5 K and 1 T. 

we expect the reversed polarities, i.e., noninverted Ex edge 
and inverted Ex + A, edge. Indeed Zn0 95Cr0 05Te, which has 
a ferromagnetic p-d exchange, showed the expected MCD 
structures. Judging from these correspondences, the MCD 
structures at the Ex and Ex + A: edges also indicate the AF 
p-d exchange in Zn^^Ni^Te. 

The AF p-d exchange in Zn^^Ni^Te is reasonable.2-4 

The Tg Luttinger states of the valence band only couple with 
the three one-electron d states belonging to the t2g represen- 
tation of the point group Td. The Ni2+ ion has eight d elec- 
trons which occupy four eg and four t2g one-electron Orbit- 
als. The spin-up t2g electron states are all occupied. There is 
only one available vacant spin-down t2g electron state for the 
electron jump from the valence band. The absence of the 
spin-up electron jump into the t2g state may be a common 
reason for the AF p-d exchange in Mn-, Fe-, Co-, and Ni- 
based DMS. For Ni-based DMS, a huge AF p-d exchange 
was theoretically predicted.4 Quantitative evaluation of the 
p-d exchange interaction requires information on the mag- 

nitude of the Zeeman splitting and numbers of Ni ions which 
substitute Zn ions. This evaluation is now in progress. 

V. CONCLUSIONS 

We have shown that the ion implantation technique is a 
powerful method to synthesize diluted magnetic semicon- 
ductors. By using this method Ni-based DMS Zn, _ ^Ni^Te 
has been successfully synthesized for the first time. From the 
magnetic circular dichroism spectra, the p-d exchange in- 
teraction in Zni^NijTe is shown to be antiferromagnetic. 

ACKNOWLEDGMENT 

The authors wish to thank Professor S. Onari of Tsukuba 
University for his encouragement and support. 

'(a) J. K. Furdyna, J. Appl. Phys. 64, R29 (1988); (b) Diluted Magnetic 
Semiconductors, edited by J. K. Furdyna and J. Kossut (Academic, New 
York, 1988). 

2A. K. Bhattacharjee, Phys. Rev. B 46, 5266 (1992). 
3J. Blinowski and P. Kacman, Phys. Rev. B 46, 12 298 (1992). 
4T. Mizokawa and A. Fujimori, Phys. Rev. B 56, 6669 (1997). 
5W. Mac, N. Khoi, A. Twardowski, J. A. Gaj, and M. Demianiuk, Phys. 

Rev. Lett. 71, 2327 (1993). 
6S. M. Durbin, J. Han, S. O, M. Kobayashi, D. R. Menke, R. L. Gunshor, 

Q. Fu, N. Pelekanos, A. V. Nurmikko, D. Li, J. Gonsalves, and N. Otsuka, 
Appl. Phys. Lett. 55, 2087 (1989). 

7K. Ando and H. Akinaga, J. Magn. Magn. Mater. 140-144, 2029 (1995). 
8K. Ando and A. Twardowski, in Proceedings 23rd International Confer- 
ence on the Physics of Semiconductors, Berlin 1996, edited by M. Schef- 
fler and R. Zimmermann (World Scientific, Singapore, 1996), p. 285. 

9G. H. Braunstein, D. Heimann, S. P. Withrow, and G. Dresselhaus, in 
Diluted Magnetic (Semimagnetic) Semiconductors, edited by R. L. Aggar- 
wal, J. K. Furdyna, and S. von Molnar (Materials Research Society, Pitts- 
burg, 1987), Vol. 89, p. 237. 

10 K. Ando, K. Takahashi, T. Okuda, and M. Umehara, Phys. Rev. B 46, 
12289 (1992). 

11S. V. Mel'nichuk, A. I. Savchuk, and D. N. Trifonenko, Phys. Solid State 
38, 731 (1996) [Fiz. Tverd. Tela (St. Petersburg) 38, 1320 (1996)]. 

12 A. Ehlert, J. Dreyhsig, and H.-E. Gumlich, Mater. Sei. Forum 182-184, 
635 (1995). 

13 K. Ando and K. Takahashi, in Proceedings 23rd International Conference 
on the Physics of Semiconductors, Berlin 1996, edited by M. Scheffler and 
R. Zimmermann (World Scientific, Singapore, 1996), p. 457. 

14A. K. Bhattacharjee, Phys. Rev. B 41, 5696 (1990). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Magneto-optic effect of the ferromagnetic diluted magnetic semiconductor 
Ga-i_xMnxAs 

K. Andoa) 

Electrotechnical Laboratory, 1-1-4 Umezono, Tsukuba, Ibaraki 305, Japan 

T. Hayashi 
Department of Electronic Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 
Tokyo 113, Japan 

M. Tanaka 
Department of Electronic Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, 
Tokyo 113, Japan and PRESTO(Sakigake-21), Japan Science & Technology Corporation 

A. Twardowski 
Institute of Experimental Physics, Warsaw University, Hoza 69, 00681 Warsaw, Poland 

Magnetic circular dichroism (MCD) of a ferromagnetic diluted magnetic semiconductor 
Gaj-jMnjAs films was measured to clarify their electronic structure. Strong enhancement of MCD 
by Mn substitution indicated a strong sp-d hybridization. The p-d exchange interaction was 
concluded to be antiferromagnetic, which was in contrast with the reported ferromagnetic p-d 
exchange in very diluted paramagnetic GaAs:Mn bulk crystals. The change of the character of the 
p-d exchange interaction is due to the unique feature of Gaj^Mn^As that the relative abundance 
of the neutral and ionized Mn acceptors controls the p -d exchange. © 1998 American Institute of 
Physics. [S0021-8979(98)43911-2] 

I. INTRODUCTION 

Ga!_^MnxAs is a new III-V based diluted magnetic 
semiconductor (DMS).1-4 Single-phase zinc-blende type ep- 
itaxial films can be obtained with manganese concentration x 
up to 0.08. Ferromagnetic ordering was observed by mag- 
netic and magnetotransport measurements. However, little is 
know of their electronic structure, especially how the Mn d 
electrons interact with the sp -band electrons in this Mn con- 
taining DMS. In this article, we show magnetic circular di- 
chroism (MCD) spectra of Ga^^Mn^As epitaxial films, and 
discuss their electronic structure. 

normal by 10°. One degree of MCD corresponds to 7% dif- 
ference of reflectivity. 

III. RESULTS AND DISCUSSIONS 

Figure 1(a) shows the MCD spectrum of GaAs substrate. 
The structures appear at the energies of the critical points 
(CPs) of the zinc-blende type band structure, E0, E0+A0, 
Ex and El + Al. The signal between 1.51 and 1.60 eV is the 
oscillation by the Landau quantization effect. With incorpo- 
rating manganese ions, the MCD signals near CP are signifi- 
cantly enhanced as shown in Figs. 1(b) and 1(c). This clearly 

II. EXPERIMENT 

Ga!_^MnxAs thin films were grown on (001) GaAs sub- 
strates by the molecular beam epitaxy method at 200-300 °C 
under As rich conditions.2'4 Reflection high energy electron 
diffraction and x-ray diffraction showed that they are single 
phase zinc-blende type epitaxial films. No MnAs precipita- 
tion was detected by x-ray diffraction. Two Ga^^Mn^As 
samples of x = 0.005 (thickness 1.0 fim) and 0.074 (thickness 
1.4 /mi) were used for this study. Their hole concentrations 
at room temperature are 1.93X1019 and 2.58X 1020 cm"3, 
respectively. Ferromagnetic ordering was observed below 
«10 K for x = 0.005 and below « 60 K for x = 0.074. 

MCD measures the difference between the reflectance 
for left and right polarizations.5 Alternating polarized light 
(50 kHz) was produced by a quartz stress-modulator. The 
direction of input and reflected lights deviate from the film 

"'Electronic mail: ando@etl.go.jp 
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FIG. 1. Magnetic circular dichroism (MCD) spectra of (a) nondoped semi- 
insulating GaAs substrate and (b),(c) the epitaxial Ga^-M^As films at T 
= 5 K and H= 1 T. The spectrum of GaAs is magnified ten times because 
the signal is weaker than that of Ga, _ vMntAs. 
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FIG. 2. Magnetic field dependence of Et MCD at 2.83 eV of Ga, .^Mn^As 
U = 0.074) atT=5K. 

shows that Ga^-Mn-As has a typical band structure of the 
zinc-blende type semiconductors and the strong sp-d mix- 
ing occurs at each CP. 

The magnetic field dependence of the MCD intensity of 
the Ga1_^Mn^.As(A: = 0.074) sample at 2.83 eV shows the 
apparent ferromagnetic behavior (Fig. 2). The MCD signal 
originates from the £, CP of Ga! _ ^M^As, and the MCD 
spectrum of MnAs (Ref. 6) has no common feature with that 
of Gaj-jMn-jAs. Therefore, we can exclude the possibility 
that the observed ferromagnetism comes from possible small 
clusters of MnAs precipitations. The observed ferromag- 
netism comes from the Gaj-^Mn^As ternary alloy semicon- 
ductor. 

The MCD near E0 CP for the x = 0.005 sample is shown 
in Fig. 3. This oscillating structure arises from the optical 
interference effect within the film. The oscillating period 
(«=160 meV) agrees with the expected period calculated 
from the film thickness and the refractive index of GaAs. We 
noted that near the band-gap energy E0 of GaAs, 1.52 eV, a 
sharp negative MCD peak is superimposed on the interfer- 
ence pattern. This indicates that the MCD is negative at E0 in 
Ga[ _^MnxAs. From the negative polarity of MCD at E0, we 
can estimate the character of the p-d exchange. The polarity 
of MCD is a good indicator of the polarity of the p-d ex- 
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FIG. 3. MCD spectrum of Ga! _ j-Mn^As (x = 0.005) film near the E0 critical 
point. The E0 point energy of GaAs is shown for comparison by an arrow. 

change constant N0ß. For example, at E0 CP, the antiferro- 
magnetic (AF) p-d exchange (N0ß<0) in Cd^Mn^Te 
showed a negative MCD peak, and the ferromagnetic (F) 
p-d exchange (N0ß>0) in Znj.^Cr^Se showed a positive 
MCD peak.7 This is due to a relation5 of MCD with N0ß and 
the s-d exchange constant N0a, 

MCD= - (l/4)(N0a-N0ß) X (Sz){VR)dR/dE,       (1) 

where (Sz) is the average spin per Mn ion, and E is the 
photon energy. Mn ions in DMS occupy the tetrahedrally 
(Td) coordinated sites, and their d orbits mix with the p 
valence band, not with the _ conduction band.8 Then the 
absolute value ofN0ß should be larger than that of N0a, and 
the polarity of MCD is determined by the polarity N0ß. The 
negative MCD at E0 CP of Ga^^Mn^As corresponds to the 
AF p-d exchange, N0ß<0. 

The MCD structures at the £, CP and £i + Ai CP are 
also strongly enhanced by the Mn substitution (Fig. 1), al- 
though the Ei and Ex + A i structures are merged into a broad 
structure. The broadening of the MCD structures due to Mn 
substitution is generally observed in II-VI based DMS,9 and 
can be attributed to the strong sp-d hybridization. Note that 
the polarity of the MCD of Ga! ^Mn^As remains the same 
as that of GaAs. The effective g values of the GaAs at the E1 

edge were reported by Fujimori et al.10 as geff=-1.63. So 
ge{{ of Ga, _-Mn^As should be negative also at the A CP. In 
DMS, polarity of geff depends on the polarity of -(N0a 
-N0ßlA).n Because N0a should be always positive,12 our 
conclusion of the negative NQß is compatible with the nega- 
tive g eff. 

The AF p-d exchange in Gaj _-Mn-As presents a sharp 
contrast to the ferromagnetic p-d exchange reported by 
Szczytko et al.12 who studied the Zeeman splitting of heavily 
doped paramagnetic GaAs:Mn bulk crystals. We believe this 
discrepancy may be explained by taking into account varia- 
tion of neutral (A0) and ionized (A~) Mn acceptors abun- 
dance with increasing Mn concentration. We recall that a 
neutral acceptor center is formed by substitutional Mn3+ 

(d4) ion, which tightly binds an electron (yielding d5 con- 
figuration) and then weakly (0.113 eV) binds a hole (d5 + h 
configuration).13 The hole is spin polarized and provides an 
additional, ferromagnetic exchange channel as pointed out in 
Ref. 12. This exchange path was suggested as responsible for 
F p-d exchange reported for heavily doped 
(1017-1018 cm"3) bulk samples.12 On the other hand ioniza- 
tion of the hole leads to the ionized Mn acceptor A ~, which 
is equivalent to the Mn2+ (d5) ion. For such center only AF 
p-d exchange is possible, as established both 
experimentally14 and theoretically8'15'16 for Mn based II-VI 
DMS. For very diluted GaAs:Mn both A0 and A" centers 
were observed in the electron paramagnetic resonance (EPR) 
experiment.13 The EPR spectra of the paramagnetic bulk 
GaAs:Mn crystals used in Ref. 12 were compared with that 
of the ferromagnetic Ga1_-MnJCAs(;t = 0.005) epitaxial 
film.17 At 3.5 K the bulk GaAs:Mn sample showed two 
strong lines corresponding to A0 and A~. The A0 line disap- 
pears with increasing temperature, while the A ~ line is ob- 
served up to 300 K. On the contrary, the EPR spectrum of 
the Ga1_;cMn,tAs(x = 0.005) epilayer showed in the entire 
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temperature range only a signal corresponding to the A~ 
center. No A0 signal was detected. Based on these observa- 
tions we conclude that the concentration of neutral Mn ac- 
ceptor centers A0 in GaAs:Mn decreases with increasing Mn 
concentration, so for x = 0.005 only A ~ centers are left in the 
crystal. The reason for the disappearance of A0 centers may 
be high hole concentration (1019 cm"3 for x = 0.005 and 
1020 cm-3 for * = 0.074), which yields screening of the A" 
attractive potential, so the hole can be hardly bound. We note 
that ionization of A0 to A" should supply the free holes, 
which contribute to the measured p-type conductivity of the 
epilayer. Effectively the absence of A0 centers means that no 
F p-d exchange channels are available and one is left only 
with AF p-d exchange, typical for Mn2+ ions. This way the 
system of GaAs doped with Mn presents an interesting (and 
unique among DMS) case where concentration of A0 centers 
(roughly inversely proportional to Mn concentration) con- 
trols the character of p-d exchange interaction. It changes 
from ferromagnetic at a very dilute limit to antiferromagnetic 
at a more concentrated range. 

IV. CONCLUSIONS 

In summary, we observed the strong enhancement of the 
magneto-optic effect at the critical points of the 
Ga] -jMo,As. This indicates that Ga^Mn^As has a zinc- 
blende type band structure, and it shows the strong sp-d 
exchange interaction. The magnetic field dependence of the 
MCD signal at the critical point showed that ferromagnetism 
is an inherent property of the zinc-blende type Gaj ^Mn^As. 
From the polarities of the MCD structure, the antiferromag- 
netic p-d exchange interaction was indicated. Comparisons 
with the electron paramagnetic resonance data revealed a 
unique feature of Ga! .^Mn^-As among DMS that the relative 
abundance of the neutral and ionized Mn acceptors changes 
the polarity of p-d exchange interaction. 
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magnetic semiconductor superlattices 
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We present magnetotransport properties, with emphasis on Hall effect, of a new class of III-V 
based magnetic (GaMnAs)/nonmagnetic (AlAs) semiconductor superlattices (SLs) grown by 
low-temperature molecular beam epitaxy. The SLs having relatively wide (GaMn)As layers 
(3=70 A) are ferromagnetic at low temperatures, and their hole concentrations and Curie 
temperatures are estimated through the analysis of Hall measurements. The dependence of the 
magnetic and transport properties on the GaMnAs well width is discussed. © 1998 American 
Institute of Physics. [S0021-8979(98)21211-4] 

I. INTRODUCTION 

Diluted magnetic semiconductors (DMSs), containing a 
large fraction of magnetic ions in compound semiconductors, 
offer interesting opportunities to explore spin-related phe- 
nomena caused by the interaction of carriers and local mag- 
netic moments. Recent progress in epitaxial growth tech- 
niques  made  it  possible  to  grow  III-V  based  DMSs, 
(InMn)As,M and (GaMnAs.3-6 These III-V based DMSs, 
especially (GaMn)As which is based on the most widely 
used III-V semiconductor GaAs, provide new potential ap- 
plications as well as unique opportunities for basic research, 
because carrier control is much easier in such III-V based 
systems than in traditional II-VI based DMSs. 

We have successfully grown GaMnAs by low- 
temperature molecular beam epitaxy (LT-MBE) and have 
studied its magnetic, transport, and magneto-optic 
properties.3'4'7 Very recently, we have extended our study to 
III-V based magnetic quantum heterostructures, and have 
successfully grown magnetic (GaMnAs)/nonmagnetic(AlAs) 
semiconductor superlattices (SLs).8'9 The feasibility of pre- 
paring such magnetic semiconductor SLs will open up the 
unique possibility of coupling the spin-related phenomena 
with the well established band engineering in III-V semi- 
conductors. In this article, we report magnetotransport prop- 
erties, especially Hall effect, of the (Ga1_A.Mn^.)As/AlAs 
magnetic semiconductor SLs. 

II. EPITAXIAL GROWTH AND STRUCTURAL 
PROPERTIES 

We have grown (Ga1_^Mn;c)As/AlAs SLs on semi- 
insulating (001) GaAs substrates by molecular beam epitaxy 

a)Also at: PRESTO(Sakigake-21), Japan Science & Technology Corpora- 
tion, 4-1-8 Honcho, Kawaguchi 332, Japan; electronic mail: 
masaaki@ee.t.u.-tokyo.ac.jp, t: 011-81-3-3812-2111 ext 6729, f: 011-81-3- 
3816-4996 

(MBE) using solid sources of Ga, As, Mn, and Al. After 
growing a GaAs buffer layer at 600 °C under normal growth 
conditions, the substrate temperature was cooled to 250 °C. 
The As4 flux was kept on throughout the growth. During the 
cooling process, the reflection high energy electron diffrac- 
tion (RHEED) pattern changed from (2X4) to c(4X4). On 
this c(4X4)-(001) GaAs surface, an AlAs layer was first 
grown at a growth rate of 0.3 yctm/h, and then a (GaMn)As 
layer was grown at 0.5 /im/h. This cycle was repeated 31 
times to grow a SL structure at 250 °C. The film-thicknesses 
of the (GaMn)As and AlAs were 45-120 A and 30-68 Ä, 
respectively. The Mn content* in (Ga1_jCMn^.)As of the SLs 
studied here was 0.05-0.06. 

RHEED patterns during the growth of both (GaMn)As 
and AlAs were fairly streaky despite low-temperature 
growth. Clear twofold streaks were observed in the RHEED 
on the (GaMn)As surface, whereas almost no reconstruction 
was seen on the AlAs surface. Structural characterizations by 
x-ray diffraction and transmission electron microscopy 
showed that the SL structures were formed as intended with 
fairly abrupt interfaces.8 

III. MAGNETOTRANSPORT PROPERTIES 

Magnetization measurements using superconducting 
quantum interference device (SQUID) were done on the SLs, 
and it was found that the SLs with wider GaMnAs layers 
(5= 70 A) were ferromagnetic, whereas the SLs with nar- 
rower GaMnAs layers (=£65 Ä) were not ferromagnetic but 
paramagnetic even at 2 K. In all the ferromagnetic SLs, the 
easy axis of magnetization lies in-plane, like the thick 
(~ 1 /im) GaMnAs films.3 The magnetic properties of 
(GaMn)As and related heterostructures can be studied 
through transport measurements, since all the samples show 
p-type conduction. Holes are supplied by Mn acceptors with 
which Ga sites in the GaAs zincblende structure are 
replaced.10 Since the ferromagnetic order of (InMn)As is 
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FIG. 1. Temperature dependence of the sheet resistance of the SLs; (a) 
sample A: (GaMn)As(70 Ä)/AlAs(30 Ä), (b) sample B (GaMn)As(120 A)/ 
AlAs(68 A). 

considered to be induced by holes,2'11 it is interesting to 
study the transport properties in such GaMnAs magnetic het- 
erostrüctures. 

First we have done transport measurements on the ferro- 
magnetic (GaMn)As/AlAs SLs with relatively wider well 
widths (^=70 Ä). The measurements were performed at vari- 
ous temperatures (2-300 K) on photolithographically pat- 
terned Hall bars with a width and a length of 200 /urn and 1.3 
mm, respectively. We present the results of two SL samples; 
one is sample A [(Ga095Mn005)As(70Ä)/AlAs(30Ä)], 
and the other is sample B [(Ga094Mn006)As(120 A)/ 
AlAs(68 Ä)]. Magneto-optic spectra using magnetic circular 
dichroism (MCD) on these SLs have shown the clear evi- 
dence for quantum confinement effect and the formation of 
subbands.8 Figure 1 shows the temperature dependence of 
their sheet resistivity psheet. Sample A shows a nonmetallic 
(semiconducting) behavior, where the resistance increases 
with lowering temperature. On the other hand, the behavior 
of sample B is more like a metallic conduction, where the 
resistance is almost constant below 50 K. Since the charac- 
teristics of thick (GaMn)As films (~ 1 /un) with similar Mn 
content was similar to that of sample B, the difference be- 
tween the two SL samples can be attributed to the difference 
of the GaMnAs well width. Also, there is a broad hump for 
sample B, which roughly corresponds to the Curie tempera- 
ture Tc{ ~ 60 K). Such a hump is not observed in sample A, 
whose Tc is around 46 K, as will be estimated by our mag- 
netotransport study below. 

Next, we measured Hall effect on these ferromagnetic 
SLs. In general, the Hall resistivity of magnetic materials is 
expressed as pHM = R0B + RsM, where R0 is the normal Hall 
coefficient, B the magnetic flux density, Rs the extraordinary 
Hall coefficient, and M the magnetization. The first term 
represents the ordinary Hall effect caused by Lorenz force, 
and the second term does the extraordinary Hall effect (EHE) 
caused by the anisotropic scattering between carriers and lo- 
cal moments. When the materials are ferromagnetic (at low 
temperature), one can neglect the first term because the sec- 
ond term is much larger; pHäll=R0B. On the other hand, at 
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FIG. 2. (a) Hall effect of sample A (GaMn)As(70 A)/AlAs(30 A) SL at 
relatively low temperature range, (b) Temperature dependence of Hall coef- 
ficient RH of sample A. The horizontal axis is pshcaKT-Tc), where Tc is 
fitted as 46 K. 

high temperature where the materials are paramagnetic, the 
Hall coefficient RH( = pHaU/B) is given by 

RH — RO 

c Psheet C- 

Mo    (T-Tc) 
(1) 

because the magnetization M is expressed as M = xH, where 
X is the magnetic susceptibility which follows the Curie- 
Weiss law. Here C is the Curie constant and Rs is repre- 
sented as cpsheet (c: constant) for simplicity. 

Figure 2(a) shows the Hall effect of sample A at low 
temperature range. The clear ferromagnetic behavior was ob- 
served at low temperature (<46K). Here only very little 
hysteresis loops appeared, because the easy axis of magneti- 
zation lies in-plane and the field is applied perpendicular 
along the hard axis. The Hall resistivity is proportional to the 
magnetization in ferromagnetic materials as describe above, 
pHaii/psheet=AMs (A is constant). Then one can calculate the 
spontaneous magnetization Ms near the Curie temperature 
(low   temperature   range)   by   making   the   Arrott   plot, 
(PHall/Psheet)2 versus ^/(pHall/Psheet)- Thus we have estimated 
the Curie temperature Tc of sample A to be 49 K. 

On the other hand, from the temperature dependence of 
the Hall coefficient RH at high temperature range, we can 
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FIG. 3. Magnetic field dependence of Hall resistivity pHau of sample A 
measured at 10 K. 

also estimate Tc and R0. We measured RH at various tem- 
peratures and made the plot of RH( = Pn^i/B) near zero field 
versus pSheet/(T—Tc), as shown in Fig. 2(b), which is linear 
as expected from the Eq. (1). In making this plot, the value 
of Tc was best fitted to be 46 K, in good agreement with the 
estimation by the Arrott plot. Also, R0 was estimated from 
Fig. 2(b) and the hole concentration p of this sample is esti- 
mated to be 1.3 X 1013 cm-2 per (GaMn)As quantum well. 

Then we have done the Hall measurements of this 
sample under higher magnetic field (up to 12 T) at lower 
temperature (10 K), as shown in Fig. 3. The negative slope 
of Hall resistance at higher field is due to the contribution of 
resistivity psheet through Rs = cpsheet. In fact, very large 
negative magnetoresistance (MR) was observed at high field 
in this sample. Assuming that the magnetization at 10 K 
saturates at sufficiently low field and becomes constant at 
high field, we can estimate R0, i.e., the hole concentration p, 
by excluding the negative MR contribution of the pSheet(#) 
data from the Peaii(#) data and by estimating the remaining 
slope of PHaii(^) at high field (Z?>10T). In this way, the 
hole concentration p of sample A is estimated to be 2.3 
X 1013 cm-2 per (GaMn)As quantum well at 10 K. Although 
the estimation of carrier concentration of ferromagnetic 
samples is generally very difficult due to the strong contri- 
bution of extraordinary Hall effect, we have analyzed the 
magnetotransport data and have estimated it by low field and 
high field measurements. 

We have also done the same magnetotransport measure- 
ments of sample B with wider (GaMn)As quantum wells. 
From the Arrott plot at low temperature range, Tc was esti- 
mated to be 63 K. From the temperature dependence of the 
Hall coefficient at high temperature range, Tc and hole con- 
centration p of this sample is estimated to be also 63 K and 
6.2 X 1014 cm"2 per (GaMn)As layer. Both Tc and p of 
sample B are higher than those of sample A. 

Although both samples A and B are ferromagnetic at 
low temperatures, SQUID measurements revealed that no 
ferromagnetic phase appeared in the SL samples whose well 
width is less than 70 Ä even at low temperature (7=2K). 

The SL samples with no ferromagnetic order became high 
resistive at low temperature and transport measurements 
were difficult. This is probably because carriers are localized 
due to some structural fluctuations such as interface rough- 
ness. The fluctuations of the quantized energy due to inter- 
face roughness becomes rapidly large with the decrease of 
the quantum well width. These experimental facts strongly 
suggest that the ferromagnetic order in (GaMn)As is induced 
by carriers (holes), and the hole concentration of sample A 
(1 -2X 1013 cm-2) gives the critical value for the ferromag- 
netic order in (GaMn)As quantum wells. 

IV. SUMMARY 

We have shown the magnetotransport properties, with 
emphasis on Hall effect, of a new class of III-V based mag- 
netic (GaMnAs)/nonmagnetic (AlAs) semiconductor super- 
lattices (SLs). The SLs having relatively wide (GaMn)As 
layers (5=70Ä) are ferromagnetic at low temperature, and 
their hole concentrations and Curie temperatures are esti- 
mated. The hole concentrations of the (GaMn)As(70 A)/ 
AlAs(30 A) SL and the (GaMn)As(120 Ä)/AlAs(68 Ä) SL 
are estimated to be 1.3-2.3X1013 cm"2 and 6.23 
X1014 cm-2 per (GaMn)As layer, and the Curie tempera- 
tures are estimated to be 46 K and 63 K, respectively. 
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Long-range antiferromagnetic couplings in [ZnTe|MnTe] superlattices 
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Magnetic semiconductor superlattices consisting of x monolayers of ZnTe alternated with y 
monolayers of MnTe [(ZnTe)x|(MnTe)),] have been grown in the zinc-blende structure by 
molecular beam epitaxy. For relative thin ZnTe nonmagnetic interlayers (3 =£.*:=£6), neutron 
diffraction data show long range order within the MnTe layers and also an interlayer magnetic 
coupling across the semiconducting ZnTe interlayer extending over multiple bilayers. For the x 
= 5, y = 10; and x = 4, 5, y = 20 superlattices at low temperature (10 K), the spins in adjacent MnTe 
layers couple in an inphase antiferromagnetic structure with identical spin orientations in all MnTe 
layers. As the temperature is raised, this ordering slowly transforms into an antiphase coupling in 
which alternate MnTe layers have spin directions reversed. For increasing ZnTe layer thickness, a 
systematic reduction in the magnetic correlation range is observed, with the correlation range 
reducing to approximately one MnTe layer for x = 6 and 7. © 1998 American Institute of Physics. 
[S0021-8979(98)21311-9] 

I. INTRODUCTION 

Magnetic semiconductor II-VI compounds grown as 
single crystal epitaxial structures by molecular beam epitaxy 
(MBE) techniques exhibit a number of unique magnetic phe- 
nomena associated with their crystal structure and exchange 
interactions.1-4 In this article, we report results on superlat- 
tices consisting of alternate layers of MnTe and nonmagnetic 
ZnTe {i.e., [ZnTe|MnTe]} that exhibit long range order 
within the magnetic layers, and for thin ZnTe interlayers also 
show magnetic coupling along the growth axis extending 
over several bilayers. 

These MBE structures crystallize in the cubic zinc- 
blende (ZB) crystal structure in which the antiferromagnetic 
(AFM) interactions are typically close idealizations of the 
Heisenberg fee model. The coupling is dominated by nearest 
neighbor (NN) superexchange between magnetic cations that 
are arranged in a tetrahedron with the mediating anion sited 
at the center. Because of exchange paths that involve more 
than one anion, the next nearest neighbor (NNN) exchange is 
typically reduced2'5 by a factor of 5 to 10. The dominance of 
NN AFM coupling and the tetrahedral atomic arrangement 
leads to near perfect exchange frustration in the intrinsic ZB 
AFM structure. This frustration can be removed by selective 
dilution, strain, or local atomic distortions. 

In the [ZnTe|MnTe] superlattices, the approximately 4% 
lattice parameter mismatch strain between layers effectively 
eliminates the tetrahedral spin frustration. The result is a 
long range ordering of the MnTe layers in a three dimen- 
sional type III AFM structure that is consistent with the 
dominant NN exchange and a weaker but antiferromagnetic 
NNN exchange. There are three possible orthogonal domain 

"'Electronic mail: jrhyne@showme.missouri.edu 

orientations in this structure; however the epitaxial strain en- 
ergies favor the single domain for which the AFM doubling 
of the unit cell is along the superlattice growth direction 
[001]. This domain preference2 is temperature dependent 
with about 67% of the domains of [001] orientation at low 
temperature rising to near 100% [001] domains near TN. 

It should be noted that in bulk form MnTe crystallizes in 
the nonspin-frustrated NiAs structure; however it can be 
forced into the cubic zinc-blende (ZB) structure by alloying 
with a nonmagnetic constituent such as ZnTe or GdTe. In 
these cases, the ZB cell can be stabilized for Mn concentra- 
tions as high as 70% and the Mn spins show moderate-range 
antiferromagnetic correlations extending out to 30-70 Ä, but 
no long-range order.2'3 MBE growth techniques extend the 
range of stability of the ZB structure up to 100% MnTe. 

II. SUPERLATTICE MAGNETIC SCATTERING 

Superlattices [(ZnTe)x|(MnTe)y]n have been prepared 
by MBE on (001) GaAs substrates over a significant range of 
MnTe and ZnTe layer thicknesses. For moderately thick 
ZnTe interlayers (e.g., *= 18), long-range AFM order exists 
within each MnTe layer. However, neutron scattering results 
show no evidence of coupling between the spin structures in 
adjacent Mn layers. 

In sharp contrast to these results on superlattices with 
thick ZnTe nonmagnetic interlayers, recent neutron diffrac- 
tion studies on superlattices with relatively thin ZnTe inter- 
layers (e.g., 3=£x=s7) show interlayer exchange couplings 
that extend across multiple bilayers (for x = 3, 4, and 5). This 
result was quite unexpected due to the short range nature of 
conventional superexchange interactions. 

The neutron diffraction data were taken at the University 
of Missouri Research Reactor using a triple axis spectrom- 
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FIG. 1. Neutron scattering intensity at the (0,1,j) AFM reflection as a 
function of wave vector transfer Q in a [(ZnTe)5|(MnTe)10] superlattice at 
temperatures below the Neel temperature. The inset shows a scan across the 
nuclear principal peak. The dotted lines indicate the peak positions of the 
in-phase magnetic domain structure and the dot-dashed (inner set) lines the 
antiphase structures. 

eter with an analyzer set for elastic scattering to reduce un- 
wanted background signals. Neutrons with Zs = 14.7meV 
from a (002) pyrolytic graphite focusing monochromator 
were used with a flat analyzer and 40' - 20' - 20' - 40' Sol- 
ler slit collimation. This gave a q resolution for longitudinal 
scans of 0.018 Ä-1. Longitudinal [001] scans through 
nuclear structure peak positions (see inset of Fig. 1) exhib- 
ited multiple bilayer harmonics that were essentially resolu- 
tion limited in width, reflecting the excellent crystal quality, 
and a structural coherence essentially equal to the sample 
thickness. Transverse scans were also made through both 
nuclear and magnetic principal peaks to confirm the in-plane 
ordering. The thickness of a bilayer, T in Angstroms, that 
was obtained from the separation of the superlattice struc- 
tural harmonic peaks (AQ = 2TT/T) was in satisfactory 
agreement with that determined from the growth parameters. 
However, the bilayer spacings obtained from the magnetic 
superlattice reflections was generally larger by several per- 
cent than that obtained from the nuclear harmonics. This 
discrepancy is currently not understood. 

The type III antiferromagnetic spin ordering gives rise to 
purely magnetic peaks with coordinates {(0,k,n/2), where 
n = 2/+1} corresponding to the single domain for which the 
doubling of the unit cell is along the growth axis. Longitu- 

dinal scans through the (0,1,2) AFM peak for a 
[(ZnTe)5|(MnTe)10] superlattice in Fig. 1 at low tempera- 

FIG. 2. Scattered intensity at the AFM reflection in a [(ZnTe)4|(MnTe)2o] 
superlattice. In-phase and antiphase magnetic peak positions are indicated 
by the vertical dotted and dot-dashed lines as in Fig. 1. 

ture reveal a fundamental magnetic peak and harmonic side- 
bands, thus demonstrating conclusively the existence of an- 
tiferromagnetic coupling extending over multiple bilayer 
periods. The scattering data further show the existence of 
two types of interlayer long range coupling, and a gradual 
transfer of intensity (net magnetization) from one type to the 
other as temperature is increased. Each MnTe layer retains 
the type III AFM spin configuration; however, in the first 
coupling scheme (in-phase), the spin direction on each site of 
the first atomic plane of adjacent MnTe layers is identical. In 
the second coupling arrangement (antiphase), the spin direc- 
tions on each site of the first atomic plane are reversed be- 
tween adjacent MnTe layers. The in-phase magnetic struc- 
ture has the same repeat sequence as the atomic structure and 
results in the formation of a central magnetic peak and bi- 
layer harmonics (indicated by the outer pair of vertical dotted 
lines in the figure) each with the same spacing (AQ 
= 2ir/r) as the structural peaks. The antiphase structure in- 
troduces a new set of bilayer harmonics, into the structure 
that are located midway between the in-phase structure har- 
monics as shown by the inner set of dot-dashed lines in the 
figure. The occurrence of both AFM structures was repro- 
ducible and also observed in superlattices from a different 
series,6 [(ZnTe)^|(MnTe)2o] as shown for x = A in Fig. 2. 
Only the in-phase structure was observed, however, in the 
[(ZnTe)4|(MnTe)10] superlattice. 

The magnetic intensity in Figs. 1 and 2 is proportional to 
the square of a Mn order parameter. Figure 3 shows sepa- 
rately the temperature dependence of the order parameters 
for the "in-phase" and the "antiphase" antiferromagnetic 
states for the x = 5, y = 10 superlattice. The in-phase compo- 
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FIG. 3. Temperature dependence of the in-phase and antiphase magnetic 
domain intensities and the total magnetic intensity as a function of tempera- 
ture. The solid line is a fit to the Brillouin function for S=5/2. The dotted 
lines are guides to the eye. 

nent represents the square root of the integrated intensity of 
the central peak plus its two side bands separated by 2 Aß, 
while the antiphase order is the square root of the sum of the 
integrated intensities of only the two intervening peaks sepa- 
rated by Aß. The total order parameter is derived from the 
square root of the total magnetic intensity and is well repre- 
sented by a 5 = 5/2 Brillouin function. The agreement with 
the Brillouin mean field result is worse if applied to the sum 
of the individual in-phase and antiphase magnetizations, 
which is consistent with the assumed uncorrelated nature of 
the two types of antiferromagnetic orderings. The results in 
Fig. 2 clearly show that the in-phase order predominates at 
low temperature, but, as the temperature is raised, it is gradu- 
ally replaced by the antiphase ordering before both vanish at 
a common Neel temperature near 75 K. The 75 K value for 
the Neel temperature was essentially identical for all the su- 
perlattices studied. It should be remarked that the behavior of 
the two antiferromagnetic orderings reflects a change of the 
number of Mn spins involved in each phase with tempera- 
ture; however the temperature dependence of the full Mn 
sublattice moment is mean field as confirmed by the Bril- 
louin fit to the total magnetic intensity. Whether the tempera- 
ture dependence of the two AFM structures is related to the 
temperature dependent relative population of domains paral- 
lel to and perpendicular to the growth axis is not known. 

The coherence range of the magnetic order has been ob- 
tained from the width in Ä-1 of the principal magnetic peak 
after deconvoluting the resolution width. The net width Aß 
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FIG. 4. Magnetic coherence lengths obtained from the width of the principal 
magnetic peaks for the compositions studied. Results are shown for two 
temperatures below the 75 K Neel temperature. 

=27r/£ where £ is the coherence range in Ä. Coherence 
ranges for the series of superlattices with 5, 6, and 7 ML 
ZnTe layers are shown in Fig. 4 for the series with MnTe 
thickness of 10 ML. Essentially the same results were ob- 
tained for the y = 20 ML series that are also given in the 
figure. The results show that the coherence range drops with 
increasing thickness of the diamagnetic ZnTe layer and also 
shows a weaker dependence on temperature. For the 
[ZnTe5|MnTe10] superlattice, the correlation range at 10 K 
corresponds to magnetic order coherent over approximately 
70 ML (nearly five bilayers), and it drops to about 35 ML 
(only somewhat more than 1 bilayer) for the 
[ZnTe7|MnTe2o] superlattice, indicating that long range or- 
der is destroyed by ZnTe interlayer thicknesses of 6 to 7 ML. 
A precise determination of £ in the samples with (x = 6,7) 
ZnTe layers is complicated by the partially unresolved main 
peak and bilayer harmonics. 
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We have investigated the magnetic properties of Ga^^Mn^Se, which represent a new class of 
diluted magnetic semiconductors based on a III-VI semiconductor. These are layered materials; 
however the local environment is tetrahedral as in the II-VI materials. In contrast to the II-VI 
semiconductors, the Mn substitutional atoms have direct bonds to three Se atoms and to either a Ga 
or Mn atom. This leads to a complex temperature dependent magnetization. In fields of 100 G and 
below, a broad peak is observed in the magnetization centered at 160 K. In addition, a sharp change 
in magnetization is observed at 119 K. In a field of 100 G, the peak has a magnitude of 3 
X10~5 emu/g above the background of 7X10~5 emu/g. With increasing magnetic fields, these 
features are broadened which is suggestive of some type of short-range antiferromagnetic ordering. 
At 5 K we observe a magnetization which increases linearly with field up to 6 T similar to the Van 
Vleck paramagnetic behavior observed in the Fe substituted II-VI semiconductors. © 1998 
American Institute of Physics. [S0021-8979(98)44011-8] 

I. INTRODUCTION 

The new class of III-VI diluted magnetic semiconductors 
(III-VI DMS) include systems of the form Af^M^1, 
where AmBVI is a III-VI semiconductor and M is a transition 
metal ion. The III-VI semiconductors GaSe,1-4 InSe,1'5'6 

GaTe,7 and GaS (Ref. 8) have received considerable interest 
in the last few years because they have remarkable nonlinear 
optical properties and are promising materials for photoelec- 
tronic applications. Although Mn has been incorporated into 
GaSe up to ~ 1 at. % nominal level (in samples grown from 
the melt), this work is focused on photoluminescence,3'9'10 

photoconductivity,5'10 Hall effect,3 electron spin 
resonance,11'12 and deep-level transient spectroscopy 
measurements.3 No magnetization studies have been re- 
ported. 

Like the II-VI DMS,13 substitutional magnetic ions in 
the III-VI DMS are in a tetrahedral environment. However, 
in sharp contrast to the II-VI DMS, the III-VI semiconduct- 
ing host is two dimensional (Fig. 1). Each Ga^^Mn^Se layer 
is comprised of a top two-dimensional layer of Se ions, two 
middle layers of Ga ions, and a bottom layer of Se ions as 
shown in Fig. 1(a). Within each four atom thick layer, the 
bonds are covalent.14 The weak van der Waals bonding be- 
tween the stacked four atom thick layers further enhances the 
two-dimensional nature of this crystal.14 

Because each Ga ion has three neighboring Se ions as 
well as another Ga ion, substitutional magnetic ions would 
experience a host of different local environments. In III-VI 
DMS, directly bonded Mn-Mn pairs [shown as a dotted line 
in Fig. 1(a)] are expected which opens a channel for a direct 

^Electronic mail: tpekarek@gw.unf.edu 

exchange between magnetic ions. In addition, both Mn- 
Se-Mn superexchange interactions (common in II-VI DMS), 
and Mn-Ga-Se-Mn pairings are also possible [Figs. 1(a) 
and 1(b)]. 

In this article we present magnetization measurements 
taken on bulk Gaj-^Mn^Se. The crystal structure of 
Gaj _xMn^Se is analyzed in terms of several distinct configu- 
rations of the magnetic ions within the III-VI lattice structure 
leading to a complex magnetic behavior.' 

II. EXPERIMENTAL DETAILS 

Single-crystalline Gaj-^Mn^Se samples were taken 
from a boule with a nominal concentration of x = 0.05. Typi- 
cally, samples grown by the vertical Bridgman method yield 
actual concentrations less then the nominal value. Atomic 
absorption spectroscopy (AAS) was performed yielding a 
value for the concentration of x = 0.012. It is expected that 
the solubility limit for Mn in GaSe is higher then the amount 
of Mn incorporated into this sample and that higher concen- 
trations will be achieved as the crystal growing technology 
for this system develops further. 

Magnetic measurements were made between 1.5 and 324 
K in fields up to 6 T using a commercial superconducting 
quantum interference device (SQUID) magnetometer. The 
diamagnetic susceptibility -2.0X 10~7 emu/g G for GaSe 
has been subtracted from the data.15 

III. EXPERIMENTAL RESULTS AND DISCUSSION 

Ga! _jMn^Se exhibits magnetic behavior that is signifi- 
cantly different from that observed in II-VI DMS. Magneti- 
zation versus temperature measurements taken in a 0.01, 
0.05, 0.1, 1, and 6 T field are shown in Fig. 2. Focusing on 

0021-8979/98/83(11 )/6557/3/$15.00 6557 © 1998 American Institute of Physics 
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(a) 
Side View 

(b) 
Top View 

Ga1.;[Mn;<.Se 

0   Mn or Ga 

■     Se 

FIG. 1. Crystal structure for Ga^^Mn^Se. The big solid circles are the Ga 
lattice sites in GaSe or the substitutional Mn lattice sites in Ga[ _^Mn^-Se. 
The small squares are the Se lattice sites, (a) Cross section of a four atom 
thick layer. The tetrahedral environment of the Ga or Mn lattice sites is 
emphasized with three neighboring Se ions as well as another Ga or Mn ion. 
The direct Mn-Mn bond is shown by the bold dotted line. The bold solid 
line emphasizes the bonds in a Mn-Se-Mn pair. A Mn-Ga-Se-Mn pair 
can be seen where the bold dotted line is the bond between the Ga and the 
first Mn ions and the bold solid lines then completes the Ga-Se-Mn bonds, 
(b) Top view of a single four atom thick layer. The top and bottom Mn ions 
are in a vertical line as are the Se ions. The bold solid lines are the bonds in 
the Mn-Se-Mn pair. The pair Mn~Se-Mn (where ~ denotes a van der 
Waals bond between layers) would have a van der Waals bond between the 
Mn (in the four atom thick layer shown) and a Se ion directly above fol- 
lowed by a covalent bond to a Mn ion located at position A. The second 
layer would then be offset to the right by one half of the hexagon width. 

the 0.01 T data, the key features are a broad peak between 
120 and 195 K with an apex at 160 K and a sharp change in 
magnetization at 119 K. With increasing field, the peak ap- 
pears to broaden and shift to lower temperatures, until it is 
barely visible above a rising background signal by 6 T. The 
sharp drop at 119 K is also rapidly broadened by the mag- 
netic field. 

Given the observed broadening of these features in in- 
creasing magnetic fields, the expected antiferromagnetic in- 
teractions between the magnetic ions, and the two- 
dimensional crystal structure, our data is suggestive of short- 
range two-dimensional antiferromagnetic ordering.16 The 
sharp drop in magnetization at 119 K could then be inter- 
preted as a transition to three-dimensional order as the inter- 
layer coupling becomes important. Given the low concentra- 
tion of magnetic ions (x = 0.012) as well as the increasing 
low temperature magnetization discussed below, it is likely 
that any order is short-range. 

We also cannot rule out the possibility that microcrystals 
of MnSe exist within our samples and are producing the 
observed magnetization signal. We note that the Neel tem- 
perature of thin films of MnSe was found to be 115 K by 

9.0e-5 - 

6.0e-5 
T(K) 

10 

FIG. 2. Magnetization vs temperature for Ga, _^MnvSe in a 0.0100, 0.0500, 
0.1, 1, or 6 T field. The diamagnetic contribution due to GaSe has been 
subtracted. The solid vertical bar at 210 K in each graph is 3 
X 10"5 emu/g tall to aid in a quick comparison of scales. 

Samarth et al.11 which is very close to the observed sharp 
feature at 119 K. 

However, Ishchenko and co-workers11'12 found that the 
bulk of the manganese in their GaSe:Mn crystals did go in as 
substitutional Mn2+ ions at the gallium lattice sites and have 
the e-GaSe layer structure.14 The e-GaSe layer structure has 
a two-layer basis. The top layer is offset to the right by one 
half of the hexagon width [i.e., one pair of Ga/Mn lattice 
sites is directly above position A in Fig. 1(b)]. Lee et al. also 
found the e-GaSe structure for their GaSe:Mn crystals 
Shigetomi argued from conductivity measurements that a 
small fraction of their Mn was located in the interstices or 
between the layers of GaSe.3 

Turning now to the low temperature behavior of these 
samples, we show in Fig. 3(a) the temperature dependence of 
the magnetization in Gai_^MnxSe at 1 T between 5 and 325 
K. As can be seen, there is a background magnetization that 
monotonically increases, in addition to the broad peak dis- 
cussed above. The background rises above the peak at low 
temperatures and is rapidly increasing. 

To further investigate this background we show in Fig. 
3(b) data on magnetization versus field taken at 5 K, which is 
well below the broad peak discussed above. As can be seen 
the increase in magnetization is nearly linear in magnetic 
field with M/H=6.2X 10~7 emu/g G. This is much weaker 
than a 5 = 5/2 Brillouin function represented in the figure as 
a dotted and dashed lines for x = 2X 10~4 and x = 0.012, re- 
spectively. Further, even at 6 T there is no evidence that the 
magnetization is saturating. The linear field dependence is 
similar to that seen in Fe based II-VI semiconductors. In that 
case it is attributed to Van Vleck paramagnetism.18 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Pekarek ef a/. 6559 

0.006 

"3 
E 

- 0.005 
5 

1 
0.004 

0.04 

1 ' 1 ■ ' 1 ' ' ' ■ 1 ' '■' ■ 1 1 ' ' ' 1 ' ' ' 
1 

11 < 111 < < 

l                   y«V               (a) Gaj.j^Mn^Se L/\ H=1T 

v-^           X - 

\u 

,    i 7«i 

50 100        150       200        250        300 
T(K) 

^0.03 

"a 
S 
;o.o2 

I 
'0.01 

0.00 

FIG. 3. The magnetization data for Ga^Mn^Se are shown by solid circles, 
(a) Magnetization vs temperature in a 1 T field, (b) Magnetization versus 
field at 5 K. The dotted and dashed lines are a S = 5/2 Brillouin response for 
x = 2X 10~4 and x = 0.012, respectively. The diamagnetic contribution due 
to GaSe has been subtracted from the data. 

Some of the magnetic behavior of the II-VI DMS has 
been successfully understood assuming that the transition 
metal ions are randomly incorporated into the host lattice. 
The theory was then developed taking into consideration the 
fraction of magnetic ions incorporated as singlets, doublets, 
triplets, etc., assuming only the shortest-range interactions.13 

Looking within a single layer in Fig. 1 we see that if Mn 
substitutionally replaces Ga in this material, then the prob- 
ability p of a Mn being a singlet is p = {\ -x).n There is 
one Mn-Mn neighbor [p = x(l-x)n], six Mn-Se-Mn 
neighbors [p = 6x(l -x)18], and six Mn-Ga-Se-Mn neigh- 
bors [/> = 6x(l-x)18] (note that there are two equivalent 
exchange channels between the two Mn ions). If we also 
consider interlayer couplings, with one Mn ion in each layer 
there are three Mn~Se-Mn neighbors, three 
Mn-Ga~Se-Mn neighbors, and three Mn~Se-Ga-Mn 
neighbors (note that ~ denotes a van der Waals bond be- 
tween layers). 

For a concentration of x = 0.012 this leads to 1% of the 
Mn atoms having direct bonds with a second Mn atom. We 
expect this interaction to be much stronger than the superex- 
change interactions and would tentatively ascribe the peak at 
160 K to these pairs and larger clusters. We note that the 

saturation magnetization of the directly bonded Mn with S 
= 5/2 spins would be roughly 0.025 emu/g. The fact that this 
number is a factor of 700 larger then the observed peak 
height, might be expected if the peak arises from antiferro- 
magnetic ordering of the Mn-Mn pairs. The remaining 99% 
of the Mn atoms, which are not involved in direct bonds with 
a second Mn atom, would then contribute to the low tem- 
perature behavior. 

IV. CONCLUSIONS 

Mn substituted III-VI semiconductors represent a new 
class of diluted magnetic semiconductors. We have studied 
Ga^^Mn^Se and found a magnetization peak at 160 K that 
is not observed in the II-VI DMS. We tentatively ascribe this 
peak to direct Mn-Mn bonds in this material. In addition, we 
find a linear magnetization as a function of field at low tem- 
peratures which is reminiscent of the Fe based II-VI materi- 
als. 
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A novel technique for the visualization of antiferromagnetic domains making use of second 
harmonic generation is used to study the easy-plane antiferromagnet YMn03. Domain states 
characterized by small, medium, or large domains are observed. Switching from one state to another 
can be achieved by a heat treatment above TN and subsequent cooling below TN. Contributions to 
the mechanism of this unusual behavior of domains are discussed. © 1998 American Institute of 
Physics. [S0021-8979(98)21411-3] 

Domains, domain walls, and their behavior as a function 
of external fields and material parameters is one of the most 
fundamental and technologically important problems of 
magnetic solids. The configurational details of domains in 
substances with a spontaneous magnetization, as arising 
from the competition of various contributions to the total 
energy, are discussed in many articles,1 and a large number 
of experimental methods for the investigation of ferro- or 
ferrimagnetic domains have been developed.2"4 There are, 
however, merely a few publications on the formation of do- 
mains and domain walls in antiferromagnets.1'5'6 One of the 
reasons for this is the very limited number of experimental 
techniques for the visualization of antiferromagnetic (AFM) 
domains.7 

In this article, we report the study of the afm domain 
structure and its variation with temperature in YMn03 using 
a recently developed method of nonlinear optical 
spectroscopy.7-9 Domains in YMn03 show a behavior dras- 
tically different from that in any other known AFM crystal. 
We have found that by suitable annealing above TN samples 
can be switched into different states characterized by small, 
medium, or large domains below TN. 

At low temperature, hexagonal YMn03 is antiferromag- 
netic and ferroelectric. The crystal structure below the ferro- 
electric Curie temperature 7C=930K is described by the 
noncentrosymmetric point group 6mm.10 The magnetic 
properties of YMn03 arise from the Mn3+(3dA) ions in the 
high-spin state, 5 = 2. Below TN=74 K, the spins of the six 
Mn3+ ions in the unit cell are ordered antiferromagnetically 
in a triangular structure with all spins perpendicular to the 
polar axis.  The  corresponding magnetic  point group is 
6,~..~.  11,12 _mm_. 

Above TN, second harmonic (SH) generation in YMn03 

is allowed in the electric-dipole approximation due to the 
time-invariant (i type) susceptibility Xijk(i)- This contribu- 
tion, which is solely related to the symmetry of the crystal 
lattice, vanishes for propagation of light along the C6 axis 
(kHz). Below TN, electric-dipole contributions to SH are 

also allowed due to the time-noninvariant (c type) suscepti- 
bility Xijk(c)<i3 which is related to the magnetic structure of 
the crystal 

Px(2<o) = eoXxxx(c)[Ex( to) -E2J<o)l 

Py(2ü))=-2e0xxxx(c)Ex(w)Ey(a>). 

(1) 

(2) 

The nonlinear polarizations Px(2a>) and Py(2(o) change 
phase by 180° when passing from one AFM domain to an- 
other, which is accompanied by a sign reversal of any AFM 
order parameter and thus of Xxxx(c)- 

Flux-grown (0001) single crystals, both as-grown and 
polished, with a thickness of 0.1-0.5 mm along the (0001) 
axis and lateral dimensions 1-4 mm were used in the experi- 
ments. Optical absorption spectra were found to be in agree- 
ment with previously reported data.14 In order to find the SH 
energy most suitable for imaging of domains, the SH spec- 
trum was measured at low temperature (Fig. 1). In accor- 
dance with Eqs. (1) and (2), there was no difference in the 
spectra for right and left circularly polarized light. As ex- 
pected, no SH was observed for T> TN. 
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FIG. 1. SH spectrum of YMn03 at T=8 K for light propagating along the 
optical axis C6(z). The spectra with right and left circularly polarized light 
are identical. The inset shows the temperature dependence of the SH signal 
at 2.461 eV. 

0021-8979/98/83(11 )/6560/3/$15.00 6560 > 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Fiebig et al.       6561 

FIG. 2. Image of 180° AFM domain in a polished sample at T=8 K show- 
ing the interchange of the contrast between domains by shifting the phase 
between time-invariant and time-noninvariant SH contributions by 180°. 
This large domain state can be obtained via path 5 in Fig. 4. 

Recently, a new optical method for topography of AFM 
domains was introduced. It was shown that visualization of 
180° AFM domains is possible when there is interference of 
c- and /-type contributions to the SH.7"9 If both contribu- 
tions are (1) intrinsically present and (2) of the same order of 
magnitude, domains can be visualized just by projecting the 
SH light emitted from the sample on a CCD camera, where 
the phase shift between the c- and /-type light field is con- 
verted into an intensity contrast. Due to restriction (1), this 
method is suitable only for substances with a favorable point 
symmetry and only in those spectral regions which meet re- 
striction (2). In most substances, the conditions (1) and (2) 
are not met, and in order to visualize the domain structure 
the time-noninvariant SH signal originating in the magnetic 
ordering of the crystal has to be superimposed with an exter- 
nally generated time-invariant SH light field, e.g., from a 
crystalline quartz plate. By proper adjustment of phases and 
amplitudes of the c- and the /-type light fields, their interfer- 
ence on the camera can lead to a high contrast between the 
brightness of different domains. With circularly polarized 
light, the phase of the reference light field can be controlled 
by rotating the quartz plate whereas the amplitude can be 
adjusted by making use of optical filters and spectral oscil- 
lations of the SH intensity from the quartz plate known as 
Maker fringes.15 Details of this novel technique and the ex- 
perimental setup are given in Ref. 7. The information on the 
spatial distribution of domains is contained in the phase and 
the amplitude of the c-type SH field from the sample, which 
is different for domains with different orientations of the 
AFM order parameter. By the invention of the external ref- 

FIG. 3. Three images of small (a), medium (b), and large (c) domain states 
in an as-grown sample. Access to each of these states can be achieved via 
heat treatment processes shown in Fig. 4. 

erence, SH domain topography can now be applied to any 
antiferromagnet exhibiting a sufficiently strong time- 
noninvariant contribution to the SH signal. 

Figure 2 shows two images of AFM domains in a 
polished sample at T= 8 K. Dark and bright regions corre- 
spond to the respective 180° domains. Instead of straight or 
slightly curved planes which are typical for most antiferro- 
magnets, 3,16-18 the walls in YMn03 look like patchwork with 
some small domains surviving inside larger ones. The con- 
trast in the two images is interchanged by changing the phase 
of the reference field from the quartz plate by IT. Images with 
a contrast of 3:1 up to 20:1 between neighboring domains are 
obtained with exposure times of 3-5 min. Without external 
SH reference, the contrast between domains vanishes, al- 
though domain walls remain visible. 

No changes of the domain structure were observed when 
the temperature was varied below TN. However, striking 
changes occured after heating and cooling the sample 
through TN. Figure 3 shows three images of AFM domains 
in an as-grown sample, which are characterized by small- 
(a), medium- (b), and large-domain states (c). Here we refer 
to the average size of the domains throughout the whole 
sample. Each cycle of the sample through TN resulted in a 
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FIG. 4. Diagram showing thermal routes to different AFM states, charac- 
terized by domains of small, medium, and large size. Distribution functions 
of domain size for each state are shown schematically. 

different domain pattern even if the distribution function did 
not change. Cooling rates from 1 to 20 K/min and dwell 
times of 0-20 min at the annealing temperature Ta>TN were 
found to have no influence on the achievement of different 
domain states. In the small-domain state, the dimension 
of domains was about 20-40 fim. Smaller domains 
(<10yum) which were not resolved by the optical system 
might have been present. In the large-domain state, the av- 
erage dimension of domains was larger by an order of mag- 
nitude with some of the domains extending over the entire 
sample. No pronounced difference was noticed between pol- 
ished and as-grown samples. Domain patterns are different in 
detail on opposite sides of the sample, but they both belong 
to the same domain state. 

The AFM domain patterns look different in large- and 
small-domain states after each cycle through TN. This indi- 
cates that memory effects are absent or very small. Further- 
more it disproves correlations to ferroelectric domains.19 

YMn03 exhibits a rather large electric coercive field Ec 

= 2.5 X 106 V/m at T= 300 K.10 Thus no change of the ferro- 
electric domain structure is expected below room tempera- 
ture. 

Figure 4 shows how different states can be achieved via 
different heat treatments: The temperature is uniformly in- 
creased from below TN up to a certain temperature Ta above 
TN and then decreased again below TN. The final domain 
state solely depends on Ta. Samples can be transformed into 
small- (path 1), medium- (path 3), or large-domain states 
(path 5) for values of temperatures ra>250K (region D), 
210K<ra<250K (region C), and 7,

A,<rfl<210K (region 
B), respectively. Cooling or warming within region A does 
not change the domains (paths 2, 4, 6). 

This is the first observation of such behavior of AFM 
domains. The most surprising result is that the average size 
of domains is sensitive to the annealing temperature Ta 

(larger than TN) in the sense that the smaller the domains the 
higher Ta has been. The case of YMn03 thus contrasts with 
all previous observations, and the mechanism behind the ob- 
served behavior of domains remains rather unclear. Since the 
domain structure does not change at all below TN, pinning 
effects are without any doubt strong and have to be taken 

into account. Furthermore, the average domain size is influ- 
enced by various competing contributions to the free energy 
of the sample describing the formation of domain walls. Ex- 
change and anisotropy energy, entropy and the bending of 
walls may be mentioned.5'6 

In conclusion, by use of nonlinear optical spectroscopy 
and a novel imaging technique for AFM domains, we have 
observed an unusual behavior of 180° domains in the easy- 
plane triangular antiferromagnet YMn03. Depending on the 
annealing temperature Ta>TN, the sample can be trans- 
formed into different states below TN which are character- 
ized by domains of small, medium, or large average size. 
The small-domain state with a large density of AFM domain 
walls is formed in crystals annealed at a sufficiently high 
temperature. This result contrasts with all previous observa- 
tions of domains in antiferromagnets. 

The wide applicability of nonlinear optical domain to- 
pography should stimulate further experimental studies, 
which should help to develop a plausible model for the ob- 
served static and dynamic properties of AFM domains and 
domain walls. 
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We have investigated the high frequency properties of several amorphous and polycrystalline wires 
mounted as inner conductors in coaxial lines. A static magnetic field was applied along the wire 
axis. The impedance spectra of the wires, measured using a network analyzer, show peaks in the real 
part of the impedance, which shift to higher frequency with the strength of the static field, a behavior 
typical of ferromagnetic resonance. The theoretical resonance condition predicts a straight line on an 
/Q — HQ plot, where/0 is the resonance frequency and H0 is the resonant field, whose slope depends 
only on the saturation magnetization, Ms, of the material. All our wires obey this relation, and the 
values of Ms calculated from the slopes are in good agreement with those measured directly using 
a vibrating sample magnetometer. © 1998 American Institute of Physics. 
[S0021-8979(98)24011-4] 

I. INTRODUCTION: 
SATURATION 

GIANT MAGNETOIMPEDANCE AT 

The giant magnetoimpedance (GMI) at saturation is a 
magnetotransport effect recently observed in soft magnetic 
wires driven by ac current. It consists of a large change in the 
voltage drop across a wire subject to an axial dc magnetic 
field. As the voltage drop is proportional to the wire imped- 
ance when the current amplitude is fixed, the relative change 
in impedance, AZ/Z, which occurs is: 

AZ _\Z(H)\-\Z(HItf)\ 

z |Z(//ref)| 

where H is the axial magnetic field, Href=0, and Z(H,o)) 
= Re Z+j Im Z The GMI effect relies on phenomena known 
for many years: the skin effect and ferromagnetic resonance. 
GMI became noticed only after recent advances in materials 
technology resulted in the fabrication of ultrathin ferromag- 
netic wires. 

The oscillating magnetic field created by the drive cur- 
rent in the wire is circumferential, as is the magnetic field in 
a transverse electromagnetic (TEM) propagating mode co- 
axial line. These fields are present in the wire only in a thin 
outer shell. A circumferential permeability, /x^, can be as- 

sociated with these fields and the circumferential magnetiza- 
tion of the wire. 

In the case of a permalloy wire at low to moderate fre- 
quencies (0.1-100 MHz), the GMI effect is negative and 
shows a significant decrease of the wire impedance when a 
saturating (200 Oe) magnetic field is applied. This phenom- 
enon was explained by the influence of the technical satura- 
tion on the skin effect.1'2 In fact, the effective skin depth 8 
= ^l/MfiyO- increases when the circumferential permeability 

Permalloy wire, 44 (im in diameter, H= 200 Oe 

1 50- '-.... -O-   TS-GMI 
■ FMR-GMI 

< 

I     III llll T—i I i mil      I   ill nut 1—i i i mi 

''Electronic mail: ciureanu@lisa.polymtl.ca 

10 100 1000      10000 

f (MHz) 
FIG. 1. Skin-effect in the TS and FMR regimes of GMI for a HyMu80 wire, 
plotted using an oscilloscope and microwave techniques, respectively. 
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FIG. 2. GMI responses of a HyMu80 wire determined using the technique 
described in Sec. II. 

decreases upon the application of a longitudinal magnetic 
field. The real part of the wire impedance thus decreases, 
producing a 60% decrease of the voltage drop across the 
wire. 

At high frequencies (1-10 GHz), the GMI effect is posi- 
tive and shows a significant increase of the wire impedance 
when a saturating (200 Oe) magnetic field is applied. This 
phenomenon was explained by the ferromagnetic resonance 
occurring in the wire.3 The large circumferential permeabil- 
ity at resonance strongly decreases the effective skin depth 
and increases the impedance of the wire by up to 200%. 
Technical saturation (TS) dominates the skin effect in the 
radio frequency range (region I in Fig. 1), whereas ferromag- 
netic resonance (FMR) dominates the skin effect in the mi- 
crowave range (region II). 

The GMI effect has a very strong potential for sensing 
purposes. As shown in Fig. 2, the sensitivity of the permalloy 
wire depends on frequency, ranging between 1%/Oe at 10 
MHz and 3.25%/Oe at 2 GHz. The purpose of this article is 
to show that, apart from sensing devices, the GMI effect can 
be useful for determining the intrinsic properties of magnetic 
materials. 

"o    ^Z -Z? 
/'     >        >T   H (0 

2+ 
HO) 

FIG. 4. Magnetic field configurations in a thin planar film and in the thin 
outer shell of a cylindrical conductor. 

II. EXPERIMENTAL DETAILS 

Impedance spectra of soft magnetic wires were mea- 
sured in the 10 MHz-6 GHz frequency range using a shorted 
coaxial line in the presence of a longitudinal magnetic field. 
The inner conductor of the line was replaced, in turn, by 
three different types of magnetic wire: polycrystalline 
HyMu80 permalloy (Ni80Fe16Mo4) wires, amorphous NiCo- 
rich (Ni^Q^FegSigB^M^) wires and amorphous CoFe- 
rich (Co71Fe4Si14.5B6_5Nb4 and Cogg^Fe^Si^.sB^-Unitika) 
wires. The HyMu80 wires were 44 or 118 ^im in diameter 
and were cold drawn. The amorphous wires were 30 and 125 
yu,m in diameter and were cast by rapid solidification. The 
length, /, of the wires was less than 1 cm. The input imped- 
ance per unit length of the coaxial line was measured using a 
network analyzer. The condition l<\/4, where X is the 
wavelength of the signal generated by the analyzer, is satis- 
fied over the entire measurement range, so this impedance is 
close to that of the magnetic wire. Details of the experimen- 
tal technique are given in Ref. 4. 

The variation with frequency of the real part of the im- 
pedance of a permalloy wire, Re Z, for several static field 
strengths is shown in Fig. 3. Re Z, which is related to the 
magnetic losses, peaks at higher frequency for higher fields. 
The imaginary part of the impedance, Im Z, crosses zero at 
the same frequency where the maximum of the real part oc- 
curs, a behavior typical for ferromagnetic resonance. A reso- 
nance frequency, /0, can be determined for each value of the 
static field, H0. 

■ 320 Oe 
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200 Oe - 40 Oe 4 Oe 
■ 160 Oe      20 Oe 2 0e HyMuBO 

--240Oe 80 Oe      10 Oe  oOe 44 ^m 
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g. 
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40-- ■ 
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f (MHz) 

FIG. 3. Impedance spectra of a HyMu80 wire. 

0 80 160 240 320 

H(Oe) 
FIG. 5. The square of the resonance frequency vs the resonance field for 
several soft magnetic wires. A linear fit of the experimental data was made 
in all cases (only data for Z/0s> 160 Oe have been used in the case of the 
HyMu80 wire). 
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TABLE I. Saturation magnetization of several magnetic wires. 

Diameter Length Rdc P Ms(106 A/m) Ms(106 A/m) 
Wire alloy (/im) (mm) (A) (yu, ft cm) GMI VSM 

(NiCo)70 33 2.76 3.2 100 0.250 0.27 
(CoFe)75 28 6.5 17.2 160 0.628 0.68: 
HyMu80 44 7 2.1 46 0.691 0.71 
CoFeSiB 125 5.5 0.7 156 0.644 0.64 

III. FERROMAGNETIC RESONANCE 
Ferromagnetic resonance occurs in samples submitted si- 

multaneously to a longitudinal static field, which causes satu- 
ration of the sample and precession of the spins, and a per- 
pendicular oscillating field, which provides the energy to 
maintain the precession and produces the resonance. In the 
presence of these fields, the dynamic equation of the magne- 
tization of a ferromagnetic material (where damping has 
been neglected) is:5 

dM 

dt 
= yMxB=7/i0MxH, (1) 

where 

H=H0 + H(f)        and    M=M, + M(r). (2) 

In Eq. (2), H0 is a large static field applied parallel to the z 
axis, whereas H(t) = H eja" is a small oscillating field per- 
pendicular to the static one. M^ is the saturation magnetiza- 
tion aligned in the static field direction, whereas M(t) 
= M ejo" adds a small oscillating component normal to Ms. 
The resonance frequency for a thin ferromagnetic film con- 
taining the z axis in its plane [Fig. 4(a)] can thus be written 
as 

«o=WoVH0(H0 + Ms), 

where y=0.176X 1012 (Ts) 
the electron. When H0<MS 

wires, Eq. (3) simplifies to 

«O^T/UOVHOMJ. 

(3) 
1 is the gyromagnetic ratio of 
which applies well for all the 

(4) 

The field geometry for the giant magnetoimpedance ef- 
fect in a magnetic wire driven by a rf current or used as a 
central conductor in a coaxial line in which a microwave 
signal is propagating [Fig. 4(b)] may be mapped onto that of 
the ferromagnetic resonance in a thin magnetic film submit- 
ted to fields H0 and H(t). For the wire, the oscillating field 
H(t) created by the oscillating current 1(0 is circumferen- 
tial, as is the magnetic field in a TEM propagating mode 
coaxial line. Due to the skin effect, these fields are present 
only in a thin outer shell of the wire. By unrolling the outer 
shell into a plane, we obtain the same field configuration as 
for a planar film: the oscillating field is perpendicular to the 
static field. Thus, when the skin depth is small compared to 
the wire radius (for example, permalloy wires 44 fim. in di- 
ameter have a skin depth of 0.22 fim at 4.5 GHz), Eq. (4) 
applies also to the wires,7 and can be written in SI units as 

, 2 

MSH0~1.24X109MSH0. (5) fl- 
r/M 
277 

Equation (5) predicts a straight line with zero intercept 
for a plot of f0 vs H0, whose slope is determined by the 

saturation magnetization of the material. Figure 5 indicates 
that data for all three materials obey such a linear relation 
and, in all cases, the straight lines pass through the origin. 
The saturation magnetization can be calculated as 

M =0.805X10" 
dfl_ 
dHn 

(A/m), (6) 

where/o is expressed in (GHz)2 and H0 in A/m. 

IV. DISCUSSION 

Using the values of the slopes calculated from Fig. 5 in 
Eq. (6), the saturation magnetizations of NiCo-rich, CoFe- 
rich, and permalloy wires were determined and compared in 
Table I with the results obtained using a vibrating sample 
magnetometer (VSM). A good agreement was found for the 
Ms values obtained through the two methods. 

In calculating the slope of the/2,- H0 
lme f°r permalloy 

using only high field data, the contribution of the anisotropy 
field was neglected. 

One source of possible differences between GMI and 
VSM measurements of Ms may be the inhomogeneity of Ms 

through the cross section of the magnetic wire. GMI-related 
phenomena take place only in a thin outer layer of the wire, 
where permeability inhomogeneity, oxidation and surface 
defects may occur, whereas VSM provides average values of 
Ms. Another possible source of disagreement is the error in 
determining the sample volume, necessary for the VSM. 

Thus, we have demonstrated that the giant magne- 
toimpedance effect of magnetically soft wires at high fre- 
quencies is a result of skin depth variations produced by the 
ferromagnetic resonance occurring in the material. This ap- 
proach permitted us to determine the saturation magnetiza- 
tion of different samples using GMI measurements, which 
offer accurate data over a much broader frequency range 
than ferromagnetic resonance measurements, for example. 
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Giant magnetoimpedance (GMI) at 10 MHz and longitudinal magnetization curves are used to 
investigate the anisotropy of Co68.15Fe4.35Si12.5Bj5 wires, glass-covered and after glass removal. The 
high resolution GMI response to the field shows hysteresis and large Barkhausen jumps, in good 
agreement with those observed in the magnetization curves. These are modeled through 
superposition of the response of the inner core and outer shell of the wires. The GMI response is 
calculated using the differential susceptibility deduced from the model, thus relating the domain 
structure to the observed magnetoimpedance. © 1998 American Institute of Physics. 
[S0021-8979(98)24111-9] 

I. INTRODUCTION 

The anisotropy in soft amorphous magnetic wires is due 
partly to exchange and magnetostatic effects, and partly to 
magnetoelastic effects. The latter are quite effective in amor- 
phous glass-covered wires (AGCW), due to large residual 
stresses.1 Removal of the glass, leading to significant stress 
relief, produces a major change in the magnetic structure of 
these wires. 

Recent reports2'3 have discussed the effect of applied 
tensile and torsional stresses on the anisotropy of Co-rich 
and Fe-rich AGCW and wires after glass removal (WAGR). 
For instance, dynamic axial hysteresis loops were measured 
to investigate the remanence, the coercivity and the occur- 
rence and disappearance of large Barkhausen jumps, from 
which possible domain structure was inferred. 

Here, high resolution giant magnetoimpedance (GMI) 
and magnetometry are compared to investigate the magnetic 
structure of these wires. A quasistatic model due to Nowak4 

is applied to interpret the results, yielding interesting insights 
into the magnetic structure and the GMI response of wires. 

II. PHENOMENOLOGICAL MODELING 

The model is based on a core-shell domain structure 
consisting of a cylindrical inner core (IC) with an axial easy 
axis, surrounded by an outer shell (OS) with a circumferen- 
tial easy axis. The quasistatic magnetic hysteresis of each 
part of the wire is described using a modification, proposed 
by Nowak,4 of the Stoner-Wolfarth model for thin ferro- 
magnetic films with in-plane anisotropy. The model is 
adapted to the cylindrical geometry by considering that the 
circumferential direction of the wires is equivalent to the 
transverse direction of the films. 

The global magnetization of the wire is the sum of the 
magnetizations of the IC and the OS 

M=aMIC+(l-a)M0S, (1) 

where a is the relative volume of the IC. The axial magne- 
tization of the IC and the OS region as a function of the 
longitudinal applied field H are given by4 

Mi(H) = Mscos[cpi(H)], (2) 

where 

?,.(//) = tan" 
H + L, 

+ prr (3) 

is the equilibrium angle between the local magnetization and 
the applied axial field. In Eq. (2), Ms is the saturation mag- 
netization and p (equal to either 0 or 1) is required to select 
the appropriate argument of the cosine function. The param- 
eters Lj and T, are the longitudinal and transverse compo- 
nents of an effective internal field with respect to the direc- 
tion of the applied field for the two regions. The longitudinal 
field L; gives the width of the loop, while the transverse field 
Tj is responsible for the squareness and the slope of this 
loop. 

It is useful to establish a link between the magnetization 
curves and the giant magnetoimpedance, which is currently 
explained by the significant variation of the skin depth due to 
the sensitive dependence of the circumferential permeability 
fly upon the application of the longitudinal field.5 

The impedance of a magnetic wire5 

Z=R dc 

ka Jo{ka) 

Y Ji(ka)' 
with    k- 

\-i 
(4) 

"'Electronic mail: menard@lisa.polymtl.ca 

is a function of the effective skin depth, 8= \lc2/2Tro)a/jilf, 
where c is the velocity of light, a the electrical conductivity, 
(o the angular frequency of the drive current, i?dc the dc re- 
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sistance, Jo(ka) and Jx(ka) are Bessel functions and a is the 
radius of the wire. Obviously, any attempt to model the GMI 
requires an expression for the circumferential permeability 

dB„ 
P<P= • = 1+4TT- 

dMa 

dHy dHv 
(5) 

In the present context, Mf is the circumferential magnetiza- 
tion with a form similar to Eq. (2), with cos(<p;) replaced by 
sin(<p,). The differential susceptibility, for a given region of 
the wire, is then calculated by adding the small circumferen- 
tial driving field h^ to Tt in the numerator of Eq. (3), and 
taking the derivative of Mv with respect to hv. This results 
in 

H9=\+ATTMS 

H+Lt 

(H + L,y+Tf 
cos[(Pi(H)] (6) 

from which we obtain the skin depth, and therefore the GMI 
response to the applied field. 

III. EXPERIMENTAL METHOD 

GMI and longitudinal magnetization curves were mea- 
sured in nearly-zero magnetostrictive Co6815Fe4 35Si12.5B15 

glass-covered wires and in the same wires after glass re- 
moval. The 20 mm-long metallic samples, with a nominal 
diameter of 27 fjtm (7?dc«50 Q,) were initially covered by a 
glass sheet about 6 fim. thick. The chemical glass removal 
process is described in Ref. 1. 

The longitudinal magnetization curves were obtained in 
the — 10-+ 10 Oe range with a vibrating sample magneto- 
meter (VSM) operating in high resolution field regime. The 
GMI was measured at 10 MHz using a HP4192A impedance 
analyzer. The drive current was kept below 0.6 mA, produc- 
ing a maximum rf field of 0.03 Oe at the surface of the 
samples. The longitudinal static magnetic field was produced 
with a pair of Helmholtz coils connected to a programmable 
current source and controlled by a computer. Automatic data 
acquisition was performed in cycles ranging between — 4 
and +4 Oe with a resolution of 0.01 Oe. 

IV. RESULTS AND DISCUSSION 

Hysteresis curves for the AGCW and WAGR are shown 
in Figs. 1(a) and 1(b), respectively, along with calculations 
based upon Eq. (1). A small correction due to the demagne- 
tizing field has been applied to the external field. Figure 1(a) 
clearly shows the presence of two distinct mechanisms. The 
large Barkhausen jump (LBJ) observed for H=±HC 

= 0.1 Oe, gives evidence for a domain structure with axial 
easy axis, while the external part of the curve (\H\>HC) is 
dominated by rotational mechanisms relating to the trans- 
verse anisotropy. The WAGR sample [Fig. 1(b)] has a lower 
#c = 0.05 Oe and a larger LBJ. 

The intrinsic material parameters extracted from these 
curves are summarized in Table I. The saturation magnetiza- 
tion Ms, is defined here as the magnetization for a 10 Oe 
applied field. The difference between the Ms value for the 
two types of wire is primarily attributed to uncertainties in 
determination of the volume. The anisotropy fields, HK, 
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FIG. 1. Comparison between experimental data and a simple model for 
hysteresis loops in (a) AGCW and (b) WAGR. 

were estimated from the slopes of the external part of the 
curves close to the origin H=0, and from first magnetization 
curves. 

The agreement between the model and the experimental 
data in Fig. 1 is good. The parameters used for the fit are 
shown in the figure. The effective fields give an indication of 
the anisotropy in each region of the wire. The longitudinal 
field LIC corresponds to the coercive field Hc of the IC re- 
gion, while the transverse field Tos reflects the anisotropy 
field HK of the OS. 

The factor a was estimated by the reduced remanent 
magnetization MrIMs which gives a direct estimation of the 
relative volume occupied by the axial domains, that is 
MrIMs=r\cla

2, where rIC is the inner core radius. The data 
of Table I indicate that the removal of the stress provided by 
the glass cladding results in a significant expansion of the 
inner core from 53% to 83% of the wire radius. This behav- 
ior is due to stress relief, which results in the increased im- 
portance of the exchange and magnetostatic energies (facili- 
tating axial magnetization) compared to the magnetoelastic 
term (facilitating circumferential magnetization). 

The GMI responses for both wires, presented in Fig. 2(a) 
and Fig. 2(b), reflect the circumferential bias permeability 
(Z~yuJ,/2). The AGCW wire has a double-peaked response, 
typical of the permeability of a magnetic layer measured 
along the easy axis in the presence of a bias field along the 
hard axis, while the WAGR shows a single peak at the ori- 

TABLE I. Magnetic parameters of the wires. 

Sample (emu/cc) 
MrIMs 

(%) 
Hc 

(Oe) (Oe) 

AGCW 
WAGR 

675 
645 

28 
68 

0.10 
0.05 

0.8 
0.5 
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200 

AGCW CoFeSiB 
10 MHz 

Applied Field (Oe) 

FIG. 2. Comparison between experimental data and a simple model of the 
modulus of the impedance as a function of the static field for (a) AGCW and 
(b) WAGR. The data were collected from -4 to +4 Oe and then back to 
-4 0e. 

gin, typical of the bias field parallel to the easy axis. For the 
field range under study, the effective skin depth calculated 
from Eq. (6), is found to vary between 15% and 30% of the 
wire's radius, so that the GMI response is dominated by the 
OS in both wires. 

The modeling of the AGCW, in Fig. 2(a), based on the 
parameters of the OS calculated from the magnetization 
curves, shows good agreement with the experimental data, 
except at very low fields. This behavior suggests that the 
sample breaks up into a complicated domain structure in this 
range. However, using the parameters of the OS region for 
the WAGR [Fig. 2(b)], the model is unable to fit the experi- 
mental data. Including a contribution from both regions, 

200 
High resolution GMI in AGCW 

-0.4 -0.2 0 0.2 

Applied Field (Oe) 

0.4 

FIG. 3. Details of the low field behavior of the GMI response for the data 
shown in Fig. 2. The thin arrows show the direction of the sweeping field. 

weighted by an appropriate factor, also fails to accurately 
describe the results, as shown in Fig. 3. Indeed, from the 
value of the skin depth at different fields and the relative 
volume occupied by the two regions, we find that 2% to 10% 
of the IC is within the skin depth. This may correspond to a 
transition region between the inner and outer regions, for 
which the domain structure remains unclear. 

The detailed response of the GMI near the origin (Fig. 3) 
shows an asymmetric and hysteretic cycle in the low field 
range (//<0.5 Oe) for the AGCW, characterized by discon- 
tinuities at the coercive points observed in the magnetization 
curves. Repeated measurements verify the reproducibility of 
the jumps. They appear consistently at the same field as it is 
swept back and forth, so that they must reflect reproducible 
features of the domain structure. Similar jumps were also 
observed in the WAGR sample. 

It is somehow puzzling to observe LBJ, which were pre- 
viously attributed to the IC, in the GMI response of the OS. 
However, this feature can be reasonably explained by intro- 
ducing an additional effective field ± Hx in the OS due to an 
exchange coupling with the IC, whose sign depends upon the 
state of the IC. When the applied field reaches the critical 
field for which the magnetization of the IC reverses (H 
~HC), the effective field in the OS jumps from H — Hx to 
H + Hx, thus producing a discontinuity in the GMI response. 
The model for the AGCW is in qualitative agreement with 
this behavior as shown in Fig. 3. 

The additional smaller jumps at ±0.3 Oe for the AGCW 
shown by the broad arrows in Fig. 3 have no equivalent in 
the magnetization curves, reflecting the fact that the real do- 
main structure is more complicated. 

V. CONCLUSION 

We have used a simple yet plausible model to describe 
the anisotropy of soft magnetic wires. The model gives, a 
reasonable interpretation of the hysteresis loops and provides 
interesting insights into the GMI effect. In particular, the 
large Barkhausen jumps are correctly explained by the intro- 
duction of an exchange coupling between the inner core and 
the outer shell regions. In addition, the model yields an ana- 
lytic expression for the GMI which works well in AGCW, 
but fails to describe the response in the WAGR. However, a 
more realistic approach based on a calculated quenched-in 
stress distribution is required to clearly establish the effect of 
the stress on the GMI response. 
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Phenonemological model for magnetoimpedance in soft ferromagnets 
D. Atkinson and P. T. Squirea) 

Department of Physics, University of Bath, Bath BA2 7AY, United Kingdom 

The dependence of magnetoimpedance (MI) on transverse susceptibility in soft ferromagnets is used 
in conjunction with an existing phenomenological domain structure model to study the relative 
importance of moment rotation and domain-wall motion in MI. It is shown that moment rotation is 
predominantly responsible for the observed behavior in amorphous wires at frequencies above 1 
MHz. It is also necessary to include anisotropy distributions in both magnitude and direction. 
© 1998 American Institute of Physics. [S0021-8979(98)39411-6] 

INTRODUCTION 

Very large magnetoimpedance (MI) is observed in soft 
ferromagnets at frequencies upwards of 10 kHz.1 The origin 
of this behavior is recognized as magnetoinductance and 
skin-depth effects, and the link between the domain structure 
and anisotropy and the magnitude of the MI is also 
established.2 However, efforts to model MI in terms of mag- 
netization processes associated with a particular domain 
structure are limited.3 Notably, the relative importance of 
domain-wall motion and magnetization rotation processes 
and the effect of easy axis orientation have not been clearly 
addressed. 

In this work, a phenomenological model relating the do- 
main structure and magnetization processes of a ferromagnet 
to the transverse susceptibility and the MI response is pre- 
sented. 

PHENOMENOLOGICAL MODEL 

The relationship between the impedance and the mag- 
netic permeability of a conductor is understood through clas- 
sical electromagnetism and described in terms of the skin- 
depth effect.4 The complex impedance of a cylindrical 
conductor can be described in the form 

Z=RdckaJ0(ka)/2Ji(ka), (1) 

where Rdc is the dc resistance of the wire, a its radius, J0 and 
Ji are Bessel functions of the first kind, and k={\ +j)/S, 
where <5is the skin depth. At higher frequencies (|fca|>l), 
the asymptotic form of the Bessel functions allows the im- 
pedance to be expressed as 

Z = R+jX, 

where 

R~X~R 
a 

(2) 

(3) 

S0 is the skin depth when the relative permeability fir=l, 
and is given by 

fl0to' 
(4) 

where p is the resistivity and co is the angular frequency. 
For a ferromagnetic material, the magnetic-field depen- 

dence of the permeability, therefore, controls the MI behav- 
ior of the conductor. 

It follows that magnetoimpedance can be understood by 
expressing the permeability along an appropriate axis as a 
function of the magnetic field. For cylindrical (wire) geom- 
etry the appropriate permeability is circumferential and for 
planar geometry (ribbons and thin films) it is transverse, with 
respect to the axis of current flow. The permeability depends 
on many factors, including the domain configuration, anisot- 
ropy, stress, and the mode of magnetization (domain-wall 
motion or magnetization rotation). These factors can be com- 
plex in real materials, making accurate modeling very diffi- 
cult. 

This work is based on the model of Squire5 for magne- 
tization and magnetoelastic effects in soft ferromagnets. The 
model assumes a simplified domain structure, consisting of 
antiparallel domains separated by 180° domain walls; a 
single, arbitrary easy axis orientation; and magnetization 
processes which are anhysteretic. Both domain-wall motion 
and magnetization rotation are included in the model, allow- 
ing their relative contributions to the transverse permeability 
to be investigated. Figure 1 schematically illustrates the do- 
main structure and angles used in the model. The model 
excludes domain-wall bowing and rotational damping. 

The model is applicable to both cylindrical and planar 
geometries, which differ only in terms of the magnitude of 
the transverse demagnetizing energy. For cylindrical geom- 
etry, the circumferential demagnetizing field is very small 

a'Electronic mail: p.t.squire@bath.ac.uk 

FIG. 1. Geometry assumed for the domain model. The easy axis makes an 
angle 8 with the dc field axis. Moments in the two types of domains make 
angles of <f>1 and <p2 with the easy axis under the combined influence of the 
axial field #ax and the transverse field H'. The domain widths are both taken 
as d in zero applied field; >x denotes the field-induced domain-wall move- 
ment. 

0021-8979/98/83(11 )/6569/3/$15.00 6569 © 1998 American Institute of Physics 
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since the circumferential magnetization is essentially con- 
tinuous. In the case of a planar geometry, the transverse de- 
magnetizing field depends on the width of the sample. 

The model is used to calculate the transverse suscepti- 
bility x\ which is simply related to the relative permeability 
(fir=X,+ !)• The transverse susceptibility is derived from 
the magnitude of the transverse magnetization developed by 
the magnetic field due to the current in the material. 

Modeling involves minimization of the free-energy den- 
sity to determine the domain structure (domain-wall posi- 
tions and magnetization rotation angles) obtained when the 
material is subject to both transverse and axial magnetic 
fields. The free-energy density includes the following terms: 

um=uK+u%+u'H+uw, (5) 

where UK is the uniaxial anisotropy energy density, taken as 

UK=K[a sin2 <^ + (l -a)sin2 <f>2], (6a) 

where K is the anisotropy constant. The parameter a is the 
fraction of material occupied by domains magnetized to- 
wards the applied axial field (Fig. 1). U^ is the Zeeman 
energy due to the axial magnetic field //ax: 

U%= nQMsH
m[( 1 - a)cos( 0+ cf>2)- a cos(6- <£,)]> 

(6b) 

U'H is the Zeeman energy due to the transverse magnetic 
field, H': 

U'H= /JL0MSH'[( 1 - a)sin( 0+ cf>2) - a sin(6- 0,)]. 
(6c) 

and Uw is the magnetostatic energy, which depends on the 
domain-wall position. A parabolic potential is used to repre- 
sent this contribution: 

Uw = ßu2, (6d) 

where u=xld and ß is a measure of the domain-wall 
stiffness.5 The procedure is to choose the values of moment 
angle </>], (/>2, and domain-wall position a that minimize 
Utot in a given axial field Hm with the transverse field H' 
equal to zero; then, to find the changes in these parameters 
induced by a small transverse field. The difference AM be- 
tween the transverse magnetization with and without a trans- 
verse field allows the transverse susceptibility x'~ AAf///' to 
be calculated. 

Here, the model is addressed to three aspects of the re- 
lationship between magnetoimpedance and the domain struc- 
ture. (Previous results concerning the effect of applied stress 
on MI have been reported elsewhere6). The first aspect ad- 
dressed is the relationship between the magnetization pro- 
cesses and the MI effect. It is clear from many observations 
of magnetoimpedance that the shape of the MI (H) curve is 
a function of the frequency of the excitation current. It is also 
established from permeability studies that domain-wall mo- 
tion becomes increasingly heavily damped due to eddy cur- 
rents at high frequencies.7 The model has, therefore, been 
applied to calculate the transverse susceptibility for a mate- 
rial in which the amount of domain-wall motion due to the 
transverse field was made progressively smaller. 

«>  100 -l 

2    60 

»    40' 

20 

B=0.02 

0.25 0.50 0.75 

Normalized Magnetic field H/H. 

1.25 

FIG. 2. Transverse susceptibility calculated for 0=90° as a function of the 
applied-field H, normalized to the anisotropy-field Ha. The parameter ß 
controls domain-wall movement: large values of ß inhibit wall motion [see 
Eq. 6(d)]. 

The second aspect studied here is the relationship be- 
tween the anisotropy easy-axis orientation 6 and the MI re- 
sponse. Observations have shown that the shape of the MI 
(H) curves depends on the easy axis orientation. Finally, the 
effects of a distribution in anisotropy magnitude on the MI 
response of materials has been studied. 

RESULTS AND DISCUSSION 

Figure 2 shows the effect of increasingly restricted wall 
motion on the transverse susceptibility of a material with a 
perpendicular (0=90°) anisotropy. For small ß values [Eq. 
6(d)], domain walls move easily under the influence of the 
transverse field. In this case, the transverse susceptibility 
falls as the axial field increases because the transverse mag- 
netization in each domain is reduced as the moments rotate 
towards the axial field. This behavior is to be expected at 
relatively low frequencies where eddy-current damping of 
domain-wall motion is negligible. For intermediate values of 
ß, the relative contribution of domain-wall motion to the 
transverse susceptibility decreases. For high values of ß, 
domain-wall motion is negligible and the transverse suscep- 
tibility is due only to magnetic-moment rotation. In this case, 
the transverse susceptibility is zero when the axial field is 
zero and increases with axial field until close to the anisot- 
ropy field. The transverse susceptibility then falls with a fur- 
ther increase of the axial field. This behavior is expected at 
higher frequencies, when eddy currents severely damp 
domain-wall motion. This indicates, therefore, that for MI of 
amorphous wires and transverse-field annealed ribbons ob- 
served at 3=1 MHz magnetic-moment rotation is the domi- 
nant mechanism responsible for the magnetoimpedance. Fig- 
ure 2 also shows that above the anisotropy field the three 
curves converge. This occurs because for axial fields greater 
than the anisotropy field the moments are aligned with the 
axis; the transverse susceptibility is due only to a small per- 
turbation of the moments from this axis. 

Figure 3 illustrates the influence of the anisotropy easy- 
axis angle 8 on the transverse susceptibility due to magneti- 
zation rotation (appropriate to high frequencies). The shape 
of the transverse susceptibility curve evolves from the high 
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FIG. 3. Effect of different easy-axis orientations on the transverse suscep- 
tibility. 

angle case, in which the susceptibility rises from a low value 
to a peak and then falls with further increase of the axial 
field, to the lower angle case in which the transverse suscep- 
tibility falls monotonically with the axial magnetic field. This 
result is again consistent with experimental MI observed in 
as-quenched and annealed amorphous ribbons and wires.2'6 

It is known from modeling of magnetic and magneto- 
elastic effects that some level of distribution in the anisot- 
ropy magnitude and easy-axis orientation is required to rep- 
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FIG. 4. Comparison of the experimental field dependence of the resistive 
component of magnetoimpedance with the model. Optimum fit is obtained 
by assuming a Gaussian distribution of anisotropy magnitude with 3cr limits 
equal to 20% of the mean. 

resent the behavior of amorphous alloys.5 Figure 4 shows the 
resistive component of the impedance for an as-quenched 
Co72.5Si12.5B15 amorphous wire, subject to axial, tensile 
stress of 170 MPa, and a modeled curve which assumes ro- 
tational magnetization processes, an easy-axis orientation of 
0=90°, and a Gaussian distribution of the anisotropy con- 
stant. There is good agreement between the data and the 
model except at low fields, supporting the presence of an 
anisotropy distribution in the wire. The anisotropy distribu- 
tion can be attributed to variations of the internal stress in the 
wire. The discrepancy between the model and the data at low 
fields most probably arises from a distribution of the easy- 
axis orientation around the assumed value of 90°. 

CONCLUSIONS 

A static, phenomenological model, developed originally 
for the calculation of magnetic and magnetoelastic proper- 
ties, has been effectively extended to calculate the transverse 
susceptibility, and hence, magnetoimpedance in soft ferro- 
magnets. The model includes domain-wall motion and 
magnetic-moment rotation, but excludes domain-wall bow- 
ing and rotational damping. 

Modeling shows that the basic shape of the MI as a 
function of applied field is governed by the easy-axis orien- 
tation and the magnetization processes contributing to the 
transverse susceptibility. Comparison of the model with pub- 
lished experimental data indicates that at frequencies of 
about 1 MHz and above magnetization rotation is largely 
responsible for the MI response in CoFeSiB wires and rib- 
bons. The model also suggests that the MI response of amor- 
phous alloys reflects a distribution of the magnitude of the 
anisotropy. 
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Field and stress dependence of the irreversible magnetization changes 
in pure iron 

J. Pearson and P. T. Squire3' 
Department of Physics, University of Bath, Bath, BA2 7AY, United Kingdom 

Measurements of the irreversible magnetization changes accompanying the application and removal 
of stress to a sample of 99.99% pure iron have been made as a function of applied field and stress 
magnitude for both compressive and tensile stress. The fields for peak change have been compared 
with those for the peak difference MAN-Mm between the anhysteretic and initial magnetization 
curves and the field derivative of the magnetostriction. It is shown that at low tensile stress the 
magnetostrictive contribution is dominant, as found by Pravdin. At higher stress the wall pinning 
term is dominant, and the magnetization changes are proportional to MAN—MMi, in accordance 
with the Jiles-Atherton model.   © 1998 American Institute of Physics. [S0021-8979(98)24211-3] 

I. INTRODUCTION 

There have been numerous studies exploring the effects 
of stress on the magnetic properties of ferromagnetic mate- 
rials. A good review has been given by Robertson.1 Despite 
the extensive study there has never been an adequate expla- 
nation of the complicated history-dependent effects that have 
been observed. Early work by Brown2 suggested that, on the 
initial magnetization curve, stress should act as an additional 
pressure on a domain wall. This pressure varies for different 
domain wall types, but gives equal magnetization changes in 
tension and compression. This approach had some success 
for field and stress changes within the Rayleigh region, but 
not beyond. Later work by Birss,3 Faunce and Isaac,4 and 
Craik and Wood5 showed that the experimental results could 
only be explained if stress affected the magnetization in three 
ways: 

• altered the pinning site energies; 
• induced preferential occupancy of a particular axis, en- 

couraging domain creation and or annihilation; 
• produced direct pressure on non-1800 domain walls. 

Jiles and Atherton6 (JA) have developed a theory based 
on domain wall motion. In the JA model the change in mag- 
netization induced by the application and release of an ap- 
plied stress (AMIRR) was proportional to the difference be- 
tween the initial (MINI) and anhysteretic magnetization 
curves (AfAN). It proposes that an applied stress acted to 
help a domain wall overcome its local pinning sites, allowing 
a domain wall to move towards its thermal equilibrium po- 
sition, which is assumed to be the anhysteretic. Figure 12 in 
Ref. 6 compares the difference MAN—M1NI with AMIRR as a 
function of applied field for a stress of 140 MPa. Although 
there are qualitative similarities, the peak change in AM]RR 

clearly occurs at a higher field value than the difference 
AfAN—MINj. Pravdin7'8 looked at the effect of low- 
magnitude cyclic stress, separating the irreversible and re- 
versible changes after many cycles. Although not mentioned 
in his work, it is clear from Fig. 5 in Ref. 7 that AMIRR in 
tension peaked at a higher field value than AMIRR in com- 

pression. Pravdin showed that these changes were not pro- 
portional to x or ^AN~^INI (Jiles-Atherton) but corre- 
sponded to the differential magnetostriction (d\ldH). 

The present study extends the work of Pravdin to higher 
magnitude stresses. We will show how the peak position of 
AMIRR varies with the magnitude and sign of the applied 
stress and explore the possible reasons for this variation. 

''Electronic mail: pyspts@bath.ac.uk 

II. EXPERIMENTAL DETAILS 

Experiments were carried out on a 2 mm diameter, 150 
mm long piece of 99.99% pure iron rod. Magnetization of 
the sample was measured using the ballistic method with 
software integration of the induced voltage. The magnetic 
field was provided by a solenoid. The stress was applied 
using an electromagnetic actuator and a lever system for me- 
chanical advantage. The rate of application of stress was 
maintained constant throughout the experiment. Demagneti- 
zation of the sample was by the alternating field method with 
a 1 % reduction in the peak field value per cycle. Comparison 
with a 0.1% reduction per cycle showed a negligible differ- 
ence in the data. A typical measurement occurred as follows. 
The sample was demagnetized under zero stress. A known 
bias field was applied. The required stress was applied and 
released in several steps, measuring the induced search coil 
voltage at each step. The whole process was repeated for bias 
fields ranging from 0 to 6000 A/m with the same applied 
peak stress. The anhysteretic data were produced by demag- 
netizing the sample in a dc bias field, then saturating the 
sample and measuring AM. Experimental uncertainty was 
estimated from three measurements at each data point. Varia- 
tions in the applied stress introduced most of the uncertainty 
in the data. For example, applying 9.5 MPa instead of 10 
MPa could introduce a 5% difference in consecutive mea- 
surements. The error bars are therefore proportionally larger 
as the applied stress decreases. Errors in software integration 
drift have been minimized to less than 0.01 mT per point and 
are therefore negligible in these measurements. 

0021 -8979/98/83(11 )/6572/3/$15.00 6572 © 1998 American Institute of Physics 
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FIG. 1. Irreversible magnetization change as a function of the applied field 
after application and release of 47 MPa tension. 
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FIG. 3. Variation of the peak position of irreversible magnetization as a 
function of magnitude of peak stress. The error bars are obtained from curve 
fitting parameters. 

Magnetostriction was measured as a function of applied 
field by means of a fiber-optic dilatometer.9 The quantity 
{dXISH) was derived in software from the experimental 
X(H) data. 

III. RESULTS AND DISCUSSION 

Figure 1 shows AMIRR as a function of applied field due 
to the application and release of 47 MPa tension. This is 
typical of the data sets at various peak stresses, from which 
the peak positions and magnitudes were derived by curve 
fitting. Figure 2 shows how (SX/dH) varies with applied 
field. Curve fitting shows that this peaks at 2035+35 A/m. 
Figure 3 shows how the peak position of AMjRR varies with 
absolute applied stress. The extrapolated value at cr=0 is 
1720±240 A/m. Figure 4 shows how AMIRR(max) varies as 
a function of applied stress. Values have been calculated 
from curve fitting parameters obtained from data sets like 
Fig. 1. Figure 5 shows the difference MAN-MINi as a func- 
tion of applied field. Figure 6 shows how the peak position 
of MAN— MINI varies with absolute applied stress. 

On average, no moment direction is preferred in the de- 
magnetized state and hence stress has no macroscopic effect 
on the magnetization. Increasing the field from the demag- 

netized state induces a preferred direction and hence the ap- 
plication of a small tensile stress changes the magnetization 
by the methods outlined in the introduction. 

We write 

dX 
P   oc  

a   dH' 

PHccfj,0HMs, 

and 

dE PIN 
PIN" dx 

for the pressures on the domain wall due to the applied stress 
and field respectively. PPm is the restoring pressure due to 
the wall pressure energy density gradient. In simple terms a 
pinned domain wall will "jump" from its pinning site when 

PH+Pa>PPiN. 

If some of the pinning sites are magnetostrictive and of both 
tensile and compressive types,10 then tensile stress raises and 
lowers an equal number of pinning site energies. In a planar 
wall system consider the effect of PPIN only. If tensile stress 
has the effect of increasing PPIN at a pinned domain wall, 
then to compensate there will be a small, usually reversible, 
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FIG. 5.   Difference between the anhysteretic and initial magnetization 
curves, MAN-MINI, as a function of applied field at zero stress. 
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FIG. 6. Variation of the peak position of MAN- 
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MIMI as a function of ab- 

decrease in magnetization. However, if the restoring pres- 
sure, PPIN decreases, then the magnetization will increase, 
and a fraction of the pinned domain walls will irreversibly 
jump to the next local energy minimum. The irreversible 
increases will be larger than the reversible decreases in mag- 
netization. In this way, on average, AMIRR due to changes in 
PPIN should always increase the magnetization towards the 
anhysteretic value. This change will be at a maximum when 
most domain walls are pinned, that is at the peak in MAN 

-MINj. However, this does not consider the P' a term which, 
to first order, only affects non-180° domain walls. Therefore, 
at low tensile stress, the peak in AMIRR due to changes in Pa 

and PpiN occurs at a higher field value than the peak in 
AfAN-MINI, closer to the peak in (dX/dH) shown in Fig. 2. 
As the stress value increases, the change in PPIN begins to 
dominate the changes in AMIRR and hence we see a shift in 
the peak position of AMIRR towards the peak in MAN 

- Mm as seen in Fig. 2. In compression the situation is more 
complicated, in that the change in PPm increases, while the 
change in Pa decreases the magnetization. For this iron 
sample the net result is an increase in magnetization but very 
little change in the peak position of AMIRR with applied 
field. 

Figure 4 gives an indication of why accurate measure- 
ment of the peak positions are difficult at low stress due to 
the low induction change. Hence on this sample it is impos- 
sible to say whether the peak in AMmR coincides exactly 
with the peak in (dX/dH) as a—>0, or only that it ap- 
proaches it. These trends cannot be attributed to changes in 
MAN under stress as would be the case in the JA model. 
Figure 6 shows that the positions of the peak in MAN- Mim, 
as seen in Fig. 3, diverge as the applied stress increases. 

IV. CONCLUSIONS 

We have shown that the peak position of AMIRR cannot 
be explained by the JA model at low stress. At low tensile 
stress the peak in AMIRR is closer to the peak in (dX/dH), as 
suggested by Pravdin. As the magnitude of the applied stress 
increases, the peak in AMJRR moves towards the peak in 
MAN-MINI, as predicted in the JA model. We have shown 
that this change is due to stress affecting the magnetization 
by different mechanisms at different stress magnitudes. At 
low stress the primary change is due to Pa which is propor- 
tional to {dXIdH). As the stress increases, changes in PpTN 

begin to dominate, which are proportional to MAN—MINI. 
In further work we hope to establish that these trends are 

true for other materials. (Such as Ni, SiFe, and steel.) 
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Temperature dependence of magnetoimpedance effect in amorphous 
Co66Fe4NiB14Si15 ribbon 
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The temperature dependence of the magnetoimpedance (MI) effect is important both for scientific 
study and for thermal stability of MI sensors. We have performed the measurement of MI effect in 
amorphous Co66 Fe4 NiB14 Si15 (Metglas 2714A) ribbon from a cryogenic chamber where the 
temperature of the sample can vary from 10 to 300 K. The ac current was fixed at 10 mA for all 
measured frequencies ranging from 100 kHz to 10 MHz. The magnetoimpedance ratio (MIR) was 
revealed the drastic increment as a function of MIR(r) = MIR(0)exp(cr2), where c is a constant. 
The measured MIR values at room temperature are usually 2-3 times larger than the data measured 
at 10 K for all measured frequencies. However, the shapes of the MIR curves are remained. This 
result shows the potential application of the MI effect for a temperature sensor. © 1998 American 
Institute of Physics. [S0021-8979(98)24311-8] 

I. INTRODUCTION 

Recently, large and sensitive changes in the alternating 
current magneoresistance, called as magnetoimpedance (MI) 
effect, as a function of applied field in nearly zero magneto- 
striction amorphous wires and ribbons have been studied in- 
tensively, because of the increasing perspectives of novel 
applications in magnetic sensors.1-3 

The MI effect has a classical electromagnetic behavior 
where the impedance is changing under the application of a 
longitudinal magnetic field. The electromagnetic origin of 
MI effect has been conjectured to the combination of a skin 
effect and field dependence of the circumferential magnetic 
permeability associated with the circular motion of magnetic 
moments.4 

The impressive sensitivities of a magnetoimpedance ef- 
fect at room temperature were observed up to 1700%/Oe 
after proper thermal treatments.5 We have found that the 
maximum magnetoimpedance ratio (MIR) of amorphous 
Co66Fe4NiB14Sii5 ribbons annealed at 250 °C for 1 h reached 
to as much as 750% at large current of 60 mA with a high 
frequency of 5 MHz. Despite MIR is large enough to use for 
magnetic sensor, the stability of the MI sensors remains 
questionable. When we measured the magnetoimpedance of 
this sample several times, we found that MIR was changed 
slightly at each measurement. Therefore, we have started to 
investigate the temperature dependence of the MI effect in 
the sample. The investigation of the temperature dependence 
of the MI effect seems to be important for scientific interests, 
technical applications for a temperature sensor, and thermal 
stability of MI sensors. 

In this work, we have used amorphous Co66Fe4NiB14Sii5 

(Metglas 2714A) ribbon, which is a well known amorphous 
ferromagnet with a nearly zero magnetostriction constant and 
a high magnetic permeability, to study the temperature de- 
pendence of MI effect at low temperature (10-300 K). 

II. EXPERIMENT 

The MI measurements were carried out along the ribbon 
axis with longitudinal magnetic field. The sample was cut 
out 15 mm in length and 2.5 mm in width with 19 /im in 
thickness. The schematic diagram of MI measurement sys- 
tem is shown in Fig. 1. The sample was attached in the cold 
finger of a closed cycle cryostat (10-300 K). For the four- 
terminal MI measurement, a silver paint has been used to 
attach the terminals where the separation between the current 
leads and the voltage leads are about 15 and 10 mm, respec- 
tively. A computer controlled rf signal generator with its 
power amplifier was connected to the sample in series with a 
resistor for monitoring the driving ac current. An ac current 
and a voltage across the sample for calculating the imped- 
ance, can be measured by digital multimeters (DMM) with 
rf/V probes. The external field applied by a solenoid on the 
top of a cryogenic chamber can be swept through the entire 
cycle equally divided by 800 intervals from -150 to 150 Oe. 
Averaging MIR with sweeping fields, changing frequencies, 
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"'Electronic mail: Heebok@knu.kongju.ac.kr FIG. 1. Schematic diagram of the magnetoimpedance measurement system. 
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FIG. 2. The MIR vs the external field H for various temperatures at the frequency of (a) 400 kHz, (b) 1 MHz, (c) 2.5 MHz, and (d) 4 MHz. 

and keeping a constant ac current, are activities performed by 
a Windows 95 program. Because of capacitive interferences 
between wires in the cryogenic chamber, the measured MI 
values diminished by a factor. The effect of the earth's mag- 
netic field has been minimized by suitable positioning of the 
sample. 

III. RESULTS AND DISCUSSION 

The MIR can be defined as MIR(H) = AZ/Z(#max) 
= l-|Z(Z/)/Z(ffmax)|, 

where #max is an external magnetic 
field sufficient for saturating the magnetoimpedance. #max 

= 150 Oe was taken in our experiment. 
The frequency dependence of MIR in the sample has 

shown a typical behavior where the maximum values of MIR 
are increased and also the shapes of MIR curves are getting 
broader with the increment of the frequency as observed in 
the Co-based amorphous wires and ribbons.1 

The MI effect at a high frequency can be explained in 
terms of an external field dependence of impedance as a 
result of the transverse magnetization with respect to the cur- 
rent direction flowing through the sample, and the skin effect 
of an ac current. Because an alternating current tends to be 

concentrated near the surface of a conductor, the impedance 
Z is changing according to the current distribution and the 
shape of a conductor. For magnetic materials, the transverse 
circumferential permeability /J,^ affects the penetration depth 
since in magnetic materials it depends on permeability; 
Sm = SI V/I^, where S is cl^jlircoa nonmagnetic penetration 
depth.6 We can expect that with increasing frequency the 
dependence of the impedance, in case of a skin effect 
al8m>>\, is proportional to (co/^)1'2. 

The experimental results are plotted selectively in Fig. 2 
due to lack of space. As shown in the Fig. 2, MIR is increas- 
ing as frequency increases and MIR is decreasing rapidly as 
the external field increases producing the bell-shaped curves 
coincided with the above discussion. Since Hex is a hard axis 
field with respect to the circumferential anisotropy, the mag- 
netic field applied along the ribbon axis suppresses the cir- 
cular magnetization by domain wall movements at low fre- 
quency regions, or the motion of localized magnetic 
moments at high frequency regions. Our experiment was per- 
formed in the high frequency region (100 kHz-10 MHz) 
where domain wall movements are highly damped by eddy 
currents. As the circumferential permeability decreases rap- 
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idly with the increment of the external field, it is responsible 
for MI effects in ribbons. 

This process accompanied by rapid reduction in the cir- 
cumferential soft magnetic properties of amorphous 
Co66Fe4NiB14Si)5 ribbons as the external field increases af- 
fects the voltage across the ribbon ends. Therefore MIR can 
be measured directly from the changes of this voltage. 

The ac current flowing through the sample generates an 
easy axis driving field which causes a circular magnetization 
field H,p. The external longitudinal field Hex is a hard axis 
field with respect to circular flux change. Therefore, MIR is 
linearly proportional to the driving current and becomes 
saturated at a current larger than about 65 mA due to the 
saturation of the circular magnetization M^. 

One may adapt a model for the transverse biased perme- 
ability in thick ferromagnetic films where eddy current 
damping and the ripple field HR incorporating with the an- 
isotropy field HK give rise to the peak of permeability at an 
external field as well as the broadening of the permeability 
changes as a function of the external field to explain broad- 
ening MIR curves at high frequency.7 It is worthily noting 
that the magnetoimpedance is increasing as frequency in- 
creases because the impedance is proportional to (W/JLJ,)

112 

even in case of the decrement of the transverse permeability 
at high frequency. The ripple field can give us further expla- 
nation of the changes in the field at the MIR peak with the 
increment of the current frequency. 

The MIR values measured at room temperature are usu- 
ally 2-3 times larger than the data measured at 10 K for all 
measured frequencies. For the comparison of MIR curves at 
different temperatures, the driving currents were fixed at 10 
mA. The shapes of the MIR curves were not changed at 
temperature variation except MIR values. Especially, the 
changes of the field at the peak MIR curves were not sensi- 
tive to the variation of temperature indicating that the anisot- 
ropy field HK was not function of temperature. 

The temperature dependance of maximum MIR values at 
various frequencies are shown in Fig. 3, where the MIR val- 
ues are increased exponentially as the temperature increases. 
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FIG. 4. Temperature dependence of maximum MIR values plotted in I 
rithm graphs for the frequency of (a) 700 kHz and (b) 2.5 MHz. 

The maximum MIR values vs temperatures are plotted in 
a logarithm graph as shown in Fig. 4. The measured MIR(7) 
data are very well fit with the function MIR(T) 
= MIR(0)exp(cr2), where MIR(0) is MIR at 7=0 K and c 
is the constant. 

Because the magnetic permeability is sensitive to the 
temperature, the MIR is changing rapidly as a function of 
temperature. The exchange energy between magnetic mo- 
ments at low temperature is larger than that at high tempera- 
ture. Therefore, the circular motion of magnetic moments 
will be frozen at low temperature resulting in lower perme- 
abilities thereby reducing MIR values. Further research 
should be done for the exact explanation of the exponential 
increment of MIR(T) . 
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The giant magneto-impedance effect (GMI) has been measured in commercial HyMu80® permalloy 
wires, submitted to different treatments (annealing and cold-drawing). Although hysteresis 
measurements show quasibistable magnetic behavior, GMI variations as high as 160% can be found 
in the frequency range 1-10 MHz. The frequency dependence of the GMI is also analyzed in terms 
of a nonhomogeneous anisotropy distribution. © 1998 American Institute of Physics. 
[S0021-8979(98)24411-2] 

I. INTRODUCTION 

The change in the high frequency impedance of very soft 
ferromagnetic materials upon the action of external dc fields, 
has been intensively studied over the last few years.1-3 This 
effect, known as magneto-impedance (MI) is attractive for 
technological applications, as it combines the appearance of 
large changes of the impedance ratio for applied fields of few 
kA/m in strength,2 opposite to magnetoresistance effect,4 

where large fields are required to achieve very small varia- 
tions of the resistance. The giant magneto-impedance (GMI) 
effect is interpreted as arising from a classical electrody- 
namic origin2'3 depending on the interaction between the 
magnetic field created by the ac current flowing through the 
sample and its magnetic domain structure. When the fre- 
quency of the current becomes high enough, the skin effect 
plays an important role,5 diminishing the effective section of 
the conductor and thus increasing its impedance. As the skin 
effect depends on the circular magnetic permeability, the 
sensitivity of the impedance of the sample to the action of an 
external field can be explained in terms of the variations of 
this circular permeability. 

GMI has been measured in a wide range of materials, 
with particular interest focused on amorphous and nanocrys- 
talline wires, ribbons, and films.6-8 The highest MI effect is 
observed for Co-rich amorphous wires, with nearly zero 
magnetostriction constant, where the internal stresses distri- 
bution created during quenching couple with magnetostric- 
tion to generate a relative small circular anisotropy and a 
circular domain pattern which enhances the value of the cir- 
cular permeability. In this work we present measurements of 
the MI effect in commercially produced wires made with 
Carpenter HyMu80® alloy (Ni80Mo4 2Febal permalloy). This 
magnetically soft alloy wire exhibits quite interesting prop- 
erties regarding its magnetization processes.9 MI variations 
as high as 150% are reported, and the evolution of MI ratio 
with different treatments is also analyzed. 

"'Electronic mail: VAZQUEZV@FENIX.IMA.CSIC.ES 
b,Present Address: YBM Magnex Inc., 110 Terry Drive, Newtown, PA 

18940. 

II. EXPERIMENT 

Magneto-impedance measurements have been carried 
out in commercial Carpenter HyMu80® wires (nominal 
composition Ni80Mo42Febal.) Three different samples were 
used for the experiment, obtained submitting the initial as- 
cast wire to different treatments. The initial as-cast sample is 
produced with a diameter of 140 /mi, but does not show 
good soft magnetic properties and special treatments are then 
required in order to observe magneto-impedance effect. 
Sample A is obtained after annealing the as-cast sample at 
925 °C for 40 min in a dry H2 atmosphere, followed by fast 
cooling. The diameter of the wire can be reduced to 44 fim if 
a cold-drawn process is carried out in the as-cast wire, lead- 
ing to sample B. Further annealing of this sample is applied 
to obtain sample C. In each case, pieces of 20 cm length 
were chosen for the experiment. 

Measurements were carried out in a specially designed 
experimental setup, similar to one described elsewhere.10 Im- 
pedance variations with respect to a dc-magnetic field are 
determined by measuring the voltage drop over the sample 
when an ac current is flowing. Frequency range analyzed 
sweeps from 1 to 10 MHz. The current intensity is kept 
constant and equal to 10 mA (rms value) by monitoring the 
voltage drop over a high frequency resistance connected in 
series with the sample. Data are acquired using a HP3589A 
Spectrum Analyzer. An external Helmholtz coil system is 
used to apply dc magnetic fields up to 11 kA/m parallel to 
the axis of the sample. The magneto-impedance ratio, which 
depends on the applied magnetic field, is defined as 
AZ/Z(tf) = 100X[Z(tf)-Z(tfmax)]/Z(tfmax), where Hmm is 
the maximum applied magnetic field. The system is com- 
puter controlled through a GPIB interface.10 Quasistatic hys- 
teresis loops have been measured using a conventional in- 
duction technique. 

III. RESULTS AND DISCUSSION 

Sample A has a characteristic loop of a soft magnetic 
material with a coercivity of 15 A/m, while in sample B a 
significant hardening was observed, with an increase of the 
coercive field up to 400 A/m as a consequence of the cold 
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J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Vazquez et al.       6579 

-■e 

g 1,0 
Ä 0,5 

I    0,0 
1   -0,5 h 
c 
CD        >iu 

5       -1,0 -0,5 0,0   0,5   1,0 

Applied Field [ kA/m ] 

FIG. 1. Quasistatic axial hysteresis loops for cold-drawn sample (sample B). 

drawing process that induces quite strong stresses in the 
sample. Figure 1 shows the hysteresis loop measured in this 
sample. Further annealing on sample B results in a decrease 
of the coercivity to a value of 30 A/m in sample C as a 
consequence of the significant relief of the internal stresses. 
A common feature of all the loops (samples A, B, and C) is 
their quasibistable magnetic behavior: there is a critical field 
below which it is not possible to observe remagnetization. 
Above this field, hysteresis loops appear, as shown in Fig. 1. 
This behavior, typical of amorphous wires, can be explained 
considering that the main contribution to the magnetization 
process arises from domain wall motion. 

GMI measurements for samples B and C are shown in 
Fig. 2, where the relative variation in the impedance, AZ/Z, 
is plotted as a function of the applied magnetic field. Differ- 
ent curves correspond to different frequencies of the ac cur- 
rent, in the range from 1 to 10 MHz. The general trend is the 
decrease of AZ/Z for increasing dc field as a consequence of 
the decrease of the circular permeability.2 

The largest MI ratio of 150% is found for sample C, at a 
frequency of 3 MHz, while the maximum variation of 
sample B is of 50% and takes place at a higher frequency of 
7 MHz. Results for sample A (not shown) are very similar to 
those of sample C. For this sample, a maximum value of 
130% is found at 1 MHz. 
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FIG. 2. Variations of the impedance of samples B (a) and C (b) with axial 
magnetic field for different frequencies. 
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FIG. 3. (a) Evolution with frequency of the maximum value of MI ratio with 
the frequency of the ac current and (b) evolution of the magnetic field HpeA 

where the maximum of the MI ratio takes place as a function of the fre- 
quency of the current. 

The fact that sample B shows a smaller GMI ratio than 
samples A and C can be explained in terms of the relative 
magnetic softness of each sample. It is anyway remarkable 
the large magneto-impedance effect of sample B in spite of 
its much larger coercivity. As is well known, MI depends on 
variations of the circular permeability induced by external 
axial fields. These changes modify the penetration depth of 
the ac current and then the impedance of the sample. A softer 
magnetic material will, in general, present a higher variation 
of the circular permeability. 

The evolution of the field dependence of the impedance 
with frequency is a common feature of all measurements 
performed. The maximum value of MI ratio changes with the 
frequency of the ac current as shown in Fig. 3(a). Samples B 
and C show a maximum located at 4 and 7 MHz, respec- 
tively, while sample A reaches its maximum for the lower 
frequency considered. 

The magnetic field where the maximum value of the 
impedance is measured (Hpeak) also changes with frequency. 
The initial peak, located at H=0 (for sample A), evolves 
into two symmetric peaks which tend to move towards 
higher values as the frequency increases. The same tendency 
has been observed for the three samples under consideration. 
This effect can be seen in Fig. 3(b). 

The maximum in the MI ratio is usually explained in 
terms of the existence of a circular anisotropy. For a fixed 
value of the external field (equal to the anisotropy field), the 
anisotropy is compensated, and a maximum in the perme- 
ability (and then in the MI ratio) is expected. The observa- 
tion of this maximum in wires with a bistable behavior indi- 
cates that domain wall motion cannot be the only mechanism 
taking part in the magnetization process, as could be deduced 
from the shape of the hysteresis loops (Fig. 1). Instead, mag- 
netization rotation from the circular to the longitudinal direc- 
tion must be considered, as pointed out by Atkinson and 
Squire,11 in order to account for a variation in the circular 
permeability of the sample. 
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On the other side, the shift of the maximum towards 
higher fields as the frequency increases [Fig. 3(b)] can be 
explained considering the existence of a radial anisotropy 
profile in the wire. An increase in the frequency is associated 
with a decrease in the penetration depth of the ac current 
through the sample. Then, for very high frequencies, the cur- 
rent is flowing only through a layer close to the surface of 
the material. As the transport properties (impedance in this 
case) depend on the behavior of this region of the material, 
the measurement of the impedance allows us to get informa- 
tion of the region close to the surface. The observed increase 
with frequency of the field where MI ratio is maximum (the 
circular anisotropy field) can be explained considering that 
the anisotropy is not homogeneous in all the wire section, but 
increases as one approaches the surface. As the local anisot- 
ropy is higher, the peak moves toward higher values. For 
very high frequencies, the anisotropy can be so large that the 
maximum applied field is not enough to saturate the sample. 
In this case, the impedance can have a smaller value for H 
= 0 than for H=llkAJm. This is the case observed for 
sample C at 10 MHz. 

IV. CONCLUSION 

High values of MI are reported for a Ni-rich permalloy 
wire presenting a quasibistable behavior. The analysis of the 
frequency evolution of the curves reveals the existence of a 

radial profile of anisotropies, and proposes MI measurements 
as a useful tool to study the magnetic behavior of regions 
close to the surface of the wire. 
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The influence of field- and stress-induced magnetic anisotropy 
on the magnetoimpedance in nanocrystalline FeCuNbSiB alloys 
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V. A. Lukshina and A. P. Potapov 
Institute of Metal Physics, UD PAS GSP-170, Ekaterinburg 620219, Russia 

The correlation between magnetic anisotropy and magnetoimpedance has been studied in field- and 
stress-annealed Fe73.5Q4Nb3Si13.5B9 ribbons. As-cast and previously nanocrystallized samples were 
submitted to different annealing conditions (r=500, 530, and 560 °C and tensile stress a= 150 
MPa) in order to induce different magnetic anisotropy. The magnetoimpedance ratio [AZ/Z] was 
measured at 3 MHz using a driving current Ims= 10 mA. An hysteretic behavior of the 
magnetoimpedance ratio is observed. This hysteretic behavior is interpreted considering the 
magnetization process for samples exhibiting different magnetic anisotropies. © 1998 American 
Institute of Physics. [S0021-8979(98)39511-0] 

INTRODUCTION 

It is well known that a suitable annealing (7=540 °C, 
t = l h) of the amorphous FeSiBNbCu alloys (known as 
FINEMET) leads to a nanoscale grain-size multiphase struc- 
ture, which has excellent soft magnetic properties.1'2 A mag- 
netic anisotropy can be induced if this annealing is per- 
formed under the application of a magnetic field, an external 
stress, or both of them.3-5 

The so-called giant magnetoimpedance (GMI) has been 
extensively studied in the last few years due to its techno- 
logical impact.6'7 This effect arises from a field-induced 
change in the classical skin depth that follows the changes in 
the magnetic circular permeability when a high-frequency 
current flows through the sample. The effect is also sensitive 
to the anisotropies of the material and can exhibit hysteretic 
behavior.8"10 Some results on the giant magnetoimpedance 
of field-annealed FINEMET ribbons were presented 
recently,6'10 but up to now an analysis of the role of field and 
stress annealing for the GMI ratio, i.e., of induced anisotro- 
pies, to the best of our knowledge is still missing. 

The aim of this paper is to study the influence of differ- 
ent heat treatments, like field and/or stress annealing, on the 
giant magnetoimpedance in Fe73 5CuiNb3Si13 5B9 samples 
and its hysteretic behavior. The results show that the hyster- 
etic behavior is related to the irreversible magnetization pro- 
cesses of the samples. 

EXPERIMENTAL PROCEDURE 

Amorphous ribbons of the composition 
Fe73 5Cu!Nb3Sii3 5B9 were prepared by a conventional melt 
spinner. The dimensions of the samples chosen for magnetic 
measurements were 100 mmX0.2 mmX18 /mi. Field an- 
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levskaya str. 18, Ekaterinburg 620219, Russia. 

''Corresponding author: J. P. Sinnecker, Instituto de Magnetismo Aplicado 
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Electronic mail: sinn@arrakis.es 

nealing was done in two regimes: (i) IF: annealing of as-cast 
samples for 1 h at 540 °C with a magnetic transverse field of 
240 kA/m, and (ii) IIF: annealing the as-cast samples for 1 h 
at 540 °C and subsequent annealing at the same conditions 
but under a magnetic transverse field of 240 kA/m. Stress 
annealing was carried out in a vertical furnace as described 
in detail elsewhere.4 The sample is suspended inside a fur- 
nace and a load is fastened to the ribbon edge using a special 
clamp. This stress annealing was also performed in two 
ways: (i) IS: annealing of an as-cast sample at T=530 °C for 
t = 2h under a tensile stress of o-=150 MPa, and (ii) IIS: 
using a previously nanocrystallized sample (annealed at T 
= 530 °C, t = 1 h) and then submitting this sample to a stress 
annealing at temperatures T=500, 530, and 560 °C under a 
tensile stress of <T=150 and 290 MPa. Samples annealed 
r=530 °C for t = \ h without field or stress (conventional 
annealing) were also used. 

Hysteresis loops of the samples were measured by the 
conventional flux method. The anisotropy constants induced 
by field or stress annealing, Ku, were deduced from the axial 
hysteresis loops as Ku = fi0MsHk/2, where ^QMS is the satu- 
ration magnetic polarization and Hk is the anisotropy field. 
The magnetoimpedance was measured using a fully 
computer-controlled setup.11 The change of ac impedance of 
the sample was evaluated by measuring the ac voltage drop 
across the sample while passing a constant ac current 
through it. The GMI ratio was defined as AZ/Z(//)=100 
x[Z(#)-Z(#max)]/Z(Hmax), for a maximal field tfmax 

= ±10.5 kA/m. The constant current /rms=10 mA was sup- 
plied by a HP 3589A spectrum/network analyzer and the 
frequency was fixed at 3 MHz. The axial dc field was pro- 
duced by a pair of Helmholtz coils. 

In all the cases here discussed, the annealings induce a 
transverse magnetic anisotropy besides the magnetic soften- 
ing (i.e., coercivity) typical of the nanocrystallization process 
of those samples. 

0021 -8979/98/83(11 )/6581 /3/$15.00 6581 © 1998 American Institute of Physics 
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FIG. 1. (a) Hysteresis loops and (b) giant magnetoimpedance ratio (AZ/Z) 
measured in field- (IF and IIF) and conventional- (conv.) annealed 
Fe735Si135B9Nb3Cui ribbons. 

RESULTS AND DISCUSSION 

Figure 1 shows the hysteresis loops and GMI ratio 
curves for the samples after IF and IIF annealings, and also 
after the conventional one. Both treatments in a magnetic 
field induce a transversal magnetic anisotropy, the one cor- 
responding to annealing in one step (IF) being higher than 
that in two steps (IIF). The GMI curve for the conventional 
annealing shows a maximum about 15% with a typical GMI 
behavior. The IF annealing gives rise to a nonhysteretic GMI 
curve with maximum AZ/Z of about 19% for an applied dc 
field of ±300 A/m, which corresponds to the anisotropy field 
Hk of this sample. The IIF annealing promotes AZ/Z values 
as large as 28%, with a GMI curve characterized by a two- 
peak shape and its hysteretic character. Although the ob- 
tained GMI value is higher, the observed hysteresis may be 
unsuitable for technological applications. 

Figure 2 shows the axial hysteresis loops and GMI 
curves after IS and IIS stress annealing. In this case, the 
higher the temperature of the stress annealing the higher the 
value of the induced magnetic anisotropy and the coercive 
field. IS annealing leads to the state with a smaller GMI ratio 
(about 7.5%) and also shows a hysteretic behavior in the 
field interval ±1.5 kA/m. 

The hysteresis of the GMI is observable exactly within 
the same field region as the axial hysteresis (see the hyster- 
esis loop in Fig. 2).9,12 Figure 3 shows the hysteresis of the 
GMI ratio observed for the sample submitted to IIS at 
560 °C. 

These curves can be explained considering the corre- 
sponding magnetization processes that take place in the 
samples. The samples are submitted to two kinds of mag- 
netic fields, i.e., the ac field generated from the ac current 
flowing for the GMI measurement and the superimposed dc 
axial field to the last one. At the saturation, the dc field 
determines the magnetization direction, and the ac field has 
only a minor role, being unable to affect the magnetization 
vector inside the sample. When the dc field is decreased, the 
magnetization starts to sense the presence of the ac field, and 

-3-2-10123 

H[kA/m] 

FIG. 2. (a) Hysteresis loops and (b) giant magnetoimpedance ratio (AZ/Z) 
measured in stress-annealed Fe-^sSi^jBgl^Cu, ribbons according to pro- 
cedures IS and IIS. Open and solid symbols in (b) refer to decreasing and 
increasing field, respectively. 

the magnetization vector starts to rotate, increasing thus the 
circular permeability, and thus the impedance. When the an- 
isotropy field is reached, the magnetization vector is more 
free to rotate under the influence of the ac field, and the 
circular permeability exhibits a maximum. At this point, 
there is a maximum in the GMI. As the field is further de- 
creased, domain-wall irreversible processes start to take 
place, as clearly seen by the axial hysteresis loops, which 
results in irreversible contributions to the circular magneti- 
zation processes, and thus, a hysteretic GMI can be observed. 
The different GMI behavior of the different samples can be 
explained considering that the differences in the induced an- 

FIG. 3. (a) Hysteresis loop and (b) GMI ratio (AZ/Z) measured in a stress- 
annealed Fe735Si|3 5B9Nb3CU| ribbon according to procedure IIS. Open and 
solid symbols in (b) represent decreasing and increasing field, respectively. 
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isotropy, imposed by the distinct annealing conditions, pro- 
duce specific domain structures with particular magnetiza- 
tion processes and GMI. 

In view of this, magnetoimpedance measurements can be 
considered as a valid and alternative tool to investigate the 
magnetic behavior of ferromagnetic samples. On one side, it 
is possible to obtain information on the efficiency of differ- 
ent annealing methods to induce transverse anisotropy. On 
the other side, the appearance of hysteresis in the GMI 
curves denotes the irreversibility of the dynamic process of 
circular magnetization. As shown in Fig. 3, the magnetic 
field where hysteresis in the impedance appears, roughly cor- 
responds with the field where hysteresis in the axial magne- 
tization is found. Thus, this irreversibility, associated with 
the behavior of the circular permeability under the action of 
an axial field, can be studied through the analysis of the 
shape of the GMI curves. 

CONCLUSIONS 

Transverse magnetic anisotropy induced by different 
field and stress annealing in nanocrystalline FINEMET 
changes the domain structure, modifying the magnetization 
processes and the GMI behavior. Field annealing at 540 °C 
for 1 h combined with nanocrystallization produces a trans- 
versal anisotropy with Ku = 15 J/m3, which is characterized 
by nonhysteretic magnetoimpedance curves. Field annealing 
on previously nanocrystallized samples produce higher GMI 
values, but extremely hysteretic in the field interval applied 
during the measurements. 

Stress annealings at 500, 530, or 560 °C with tensile 
stress cr=150 MPa for 1 h give rise to a higher stress- 
induced magnetic anisotropy but a smaller GMI maximum 
ratio. All these states are characterized by a hysteretic GMI 
in the low-field region near zero field, where some irrevers- 
ibility of the magnetization process appears. It was found 

also that for the higher stress-induced magnetic anisotropy, a 
more complex shape of the GMI curves is observed, with a 
final appearance of additional peaks in a field which nearly 
corresponds to the point of the inflection of the axial hyster- 
esis loop. Maximum AZ/Z was always observed for applied 
dc fields corresponding to the induced anisotropy field. Hys- 
teretic behavior of the magnetoimpedance in nanocrystalline 
FINEMET ribbons after different regimes of dc field and 
stress annealing can be a critical parameter from the point of 
view of technological applications of this material as GMI 
sensors. 
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Giant magneto-impedance effect in nanocrystalline glass-covered wires 
H. Chiriac,a) T. A. Öväri, and C. S. Marinescu 
National Institute of R&D for Technical Physics, 47 Mangeron Boulevard, 6600 lasi 3, Romania 

We investigate the evolution of the magneto-impedance (MI) response of Fe-^sCujM^Si^sBg 
glass-covered wires with the annealing temperature, starting from the as-cast amorphous state up to 
600 °C. As-cast FeCuNbSiB amorphous glass-covered wires display a MI ratio of about 1 %, this 
value increasing with the annealing temperature to about 5% for 550 °C when the nanocrystalline 
phase appears. For wires which have had the glass removed, the MI ratio increases from 5% for the 
as-cast amorphous state up to 28% after the appearance of the nanocrystalline phase. The MI is 
larger than that found in CoFeSiB amorphous wires after glass removal. Annealing over 550 °C 
leads to a decrease of the MI ratio for both glass-covered samples and samples with the glass coating 
removed. The results demonstrate the role of soft magnetic properties on the sensitivity of the MI 
effect.   © 1998 American Institute of Physics. [S0021-8979(98)51111-5] 

I. INTRODUCTION 

The giant magneto-impedance (GMI) effect, that con- 
sists of a variation of the high frequency impedance of a 
magnetic conductor when it is subjected to a dc magnetic 
field, was extensively studied over the last few years and was 
found to be useful for sensing applications.1'2 The largest 
GMI effect was obtained in Co68.i5Fe435Si12.5B15 amorphous 
wires with diameters reduced down to 30 fim by cold draw- 
ing in several steps. The wires were subsequently tension 
annealed in order to obtain a circumferential domain struc- 
ture in the entire volume, since it was shown that this is the 
most favorable case for a sensitive GMI response.1 The im- 
pedance behavior is strongly related to the basic magnetic 
properties of the materials, and to the changes in the dynamic 
magnetization processes as the frequency increases. 

The aim of this article is to study the sensitivity and 
magnitude of the GMI effect in Fe73 5Cu1Nb3Si13 5B9 nano- 
crystalline glass-covered wires. Changes induced when the 
glass coating is removed by chemical etching are also con- 
sidered. The results are discussed by taking into account the 
specific magnetic properties and behavior of these wires. 

The results obtained are important from the point of 
view of the applications of these materials in magnetic sen- 
sors working on the GMI principle. 

II. EXPERIMENT 

We prepared Fe73 5Cu1Nb3Si135B9 amorphous glass- 
covered wires by glass-coated melt spinning. For our experi- 
mental investigations we have chosen wires with a metallic 
core diameter of 15 fim and a glass cover thickness of 5 /zm. 
The amorphous state was checked by x-ray diffraction. 
Fe73^C^M^Si^ 5B9 amorphous glass-covered samples and 
samples obtained after glass removal were annealed in 
vacuum for 1 h at temperatures up to 600 °C. Each stage of 
annealing was performed starting from an amorphous wire, 
which was annealed for 1 h at a given annealing temperature, 
T0, e.g., 500, 500 °C, etc. 

GMI measurements were performed on glass-covered 
samples and on samples after glass removal after each stage 
of annealing at frequencies up to 10 MHz, using a digital 
oscilloscope coupled with a computer that allowed data ac- 
quisition and processing. We studied the impedance behavior 
as function of frequency, /, and axial dc field, Hdc. 

III. RESULTS AND DISCUSSION 

We analyze in the following the sensitivity of the GMI 
effect in FeCuNbSiB glass-covered wires and wires after 
glass removal, starting from the amorphous state after differ- 
ent stages of annealing. Figure 1 shows the frequency depen- 
dence of the MI ratio, AZ/Z, defined as [Z(/7dc=0) 
-Z(//dc=1000A/m)]/Z(//dc=0), where Z is the imped- 
ance for glass-covered FeCuNbSiB wires with the annealing 
temperature, Ta, as a parameter. 

10 100        1000 

Frequency, / [kHz] 

10000 
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FIG. 1. Frequency dependence of the magneto-impedance ratio, AZ/Z 
= [Z(//dc=0)-Z(tfdc=1000A/m)]/Z(//dc=0), for glass-covered 
FeCuNbSiB wires with the annealing temperature as a parameter. 
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FIG. 2. Frequency dependence of the magneto-impedance ratio, AZ/Z, for 
FeCuNbSiB wires after glass removal with the annealing temperature as a 
parameter. 

The MI ratio is directly related to the sensitivity of the 
GMI effect since it indicates the behavior of Z at two ex- 
treme values of the axial field Häc: 0 A/m, where Z is af- 
fected only by the frequency / of the ac driving current, and 
1000 A/m, which is a high value field that completely damps 
the magnetization processes in the circumferential direction 
of a soft magnetic wire. The circumferential magnetization 
processes play a decisive role in determining the magnitude 
and sensitivity of the GMI effect. The GMI effect is directly 
related to the magnitude of the skin effect, since the dynam- 
ics of the magnetization in the circumferential direction— 
domain wall movements or rotations—affects the behavior 
of the circumferential permeability /j,g, which, in turn, influ- 
ences the magnetic penetration depth Sm = (p/Tr-f- fjLe)m, 
where p is the resistivity of the wire. 

One observes that as-cast amorphous FeCuNbSiB dis- 
plays a GMI effect with a maximum MI ratio of 1%. This 
very small value of AZ/Z is due to the high positive magne- 
tostriction of amorphous FeCuNbSiB glass-covered wires 
(Xs:«25X 10~6) that leads through magnetomechanical cou- 
pling with internal stresses to a domain structure with axially 
magnetized inner core and radially magnetized outer shell. 
After annealing at 500 °C, the wires become magnetically 
softer due to stress relief, and the maximum MI ratio in- 
creases to about 2%. After annealing for 1 h at 550 °C, the 
nanocrystalline phase appears,3 and consequently the wires 
become magnetically softer, the maximum MI ratio increas- 
ing to more than 5%. Annealing over 550 °C leads to a di- 
mensional increase of the a-FeSi crystalline grains and con- 
sequently to a deterioration of the soft magnetic properties, 
resulting in a decrease of the maximum MI ratio to less than 
4.5%. 

Figure 2 shows the frequency dependence of the MI ra- 
tio, AZ/Z, for FeCuNbSiB wires after glass removal, with 
the annealing temperature, Ta, as a parameter. 

One observes that amorphous FeCuNbSiB wires after 
glass removal display a maximum MI ratio of 5% before any 
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annealing. This behavior is expected to be due to the stress 
relief produced by glass removal. After annealing at 500 °C, 
the maximum MI ratio increases to about 14% due to further 
stress relief produced by annealing. Once the nanocrystalline 
phase appears (annealing at 550 °C), the maximum MI ratio 
reaches about 28%. Annealing over 550 °C has the same 
result as that in the case of the glass-covered wires: the good 
soft magnetic properties suffer deterioration due to the in- 
crease in size of the crystalline grains. 

Nanocrystalline wires without glass have a much more 
sensitive GMI response as compared to glass-covered ones 
since they are magnetically softer (the coercive force is about 
100 A/m for the former and almost 400 A/m for the latter). 
The GMI response of nanocrystalline wires without glass is 
even better than that of CoFeSiB amorphous wires after glass 
removal,4 with their maximum MI ratio being about 20%. In 
addition, the maximum MI ratio of nanocrystalline wires af- 
ter glass removal is obtained at lower frequencies 
(~4MHz) as compared to CoFeSiB amorphous ones after 
glass removal (~9 MHz). Both aspects can be explained by 
noting that at high frequencies, where circumferential mag- 
netization is achieved by spin rotations, the differences in the 
soft magnetic properties from the outer shells of the two 
materials play an essential role. Thus, in CoFeSiB amor- 
phous wires after glass removal a larger energy, provided by 
the circumferential ac field, is required in order to rotate the 
magnetic moments from the easy axis direction toward any 
other direction, since in this case, the circumferential mag- 
netoelastic anisotropy from the outer shell, determined by the 
coupling between magnetostriction and large compressive 
circumferential stresses is important.5 On the other hand, 
nanocrystalline wires without glass are magnetically softer 
due to their vanishing magnetostriction.3 Thus, a larger /j,e of 
nanocrystalline wires without glass, compared to the amor- 
phous ones without glass, is expected. The direct conse- 
quence of this fact is a shift toward lower values of the 
frequency where the maximum MI ratio is detected in nanoc- 
rystalline wires, and is a more sensitive effect in this case. 
Under these circumstances, we can state that good soft mag- 
netic properties are essential in obtaining a sensitive GMI 
response of a given material. Furthermore, the presence of 
good soft magnetic properties may be considered as a second 
criterion in the choice of an appropriate material for a GMI- 
based application, together with the already widely accepted 
criterion that requires an appropriate domain structure, e.g., a 
circumferential one for wires and a transverse one for rib- 
bons and thin films. 

This statement is supported by the fact that in the dis- 
cussed frequency range the sensitivity of the GMI response 
of nanocrystalline wires after glass removal is very close to 
that of cold-drawn amorphous CoFeSiB ones.4 The tendency 
of these thin wires (15 /urn in diameter) to reach a similar 
magnitude of the GMI effect (-28%-30%) like the cold- 
drawn ones (30 /urn in diameter), emphasizes once again the 
close relationship between good soft magnetic properties and 
a sensitive GMI effect, since at close values of the resistivi- 
ties, it is obvious that the differences in fie play an important 
role in the magnitude of the skin effect. 
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The above results allow us to suggest a new application 
of the GMI effect, namely, its use for directly monitoring the 
structural changes that occur in amorphous ferromagnets 
during annealing, and especially those during specific an- 
nealing for nanocrystallization. 

IV. CONCLUSION 

We investigated the GMI effect in Fe73 5Cu1Nb3Si13 5B9 
nanocrystalline glass-covered wires and wires after glass re- 
moval. Nanocrystalline wires without glass display the more 
sensitive GMI response. The results are explained by consid- 
ering the structural changes that occur during annealing and 
their effect on the magnetic properties of both glass-covered 
wires and wires after glass removal. The results obtained 

indicate the importance of good soft magnetic properties for 
a sensitive GMI response. Our study is important with regard 
to the selection of a proper material for the achievement of 
GMI-based magnetic sensors. 
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High frequency properties of glass-coated microwire 
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Static and high-frequency 1-30 MHz properties of the (Coi00-j:MnJ.)75B15Si10 microwires cast 
using the modified Taylor's technique are reported. The hysteresis loop and the frequency 
dependence of permeability indicate that the longitudinal magnetization process occurs by coherent 
rotation of the moments. The values of static permeability are in good agreement with those 
predicted by the theory of ferromagnetic resonance where damping is taken into account. We 
observed a close correlation between the static permeability and the high-frequency limit (the 
frequency up to which the real part of permeability is still constant). For glass-coated CoMn 
microwires, this limit is considerably higher than that given by the Snoek equation. © 1998 
American Institute of Physics. [S0021-8979(98)39611-5] 

INTRODUCTION 

Glass-coated amorphous microwires, cast by a modified 
Taylor's technique is a comparatively scarcely studied mag- 
netic material. Hereafter, we will adhere to the term "mi- 
crowire' ' to distinguish this material from amorphous wires 
produced by other methods, for example, by rotating water 
quenching. Recently, several papers devoted to the investi- 
gation of microwires were published.1'2 It was shown that 
microwires demonstrate unique magnetic properties. In par- 
ticular, Fe-based microwires with positive magnetostriction 
demonstrate bistable behavior, with the critical length as 
small as 2 mm.2 The natural ferromagnetic resonance in the 
2-12 GHz frequency range was observed in Fe-based 
microwires.3 The permeability of microwires reaches an ex- 
tremely high value (up to 1000) in this frequency range, that 
suggest that microwires may be a promising material for 
super-high-frequency applications. 

Co-based microwires with negative magnetostriction are 
studied very scarcely. Static magnetic properties of such mi- 
crowires were reported in Ref. 4. The investigation of the 
GMI effect indicates that Co-based microwires have a high 
permeability in a radio-frequency range of 1-100 MHz, 
however, there are no relevant publications relating to the 
direct measurement of permeability in this frequency range. 

The present work reports the measurement of the com- 
plex permeability of Co-based microwires in the 1-30 MHz 
frequency range. The correlation between static and high- 
frequency magnetic properties of microwires are studied too. 
Another aspect of this work is an attempt to provide a theo- 
retical description of microwire behavior. The dynamic be- 
havior of a magnetic material such as ferrite or amorphous 
ribbon is rather complicated. In high-frequency magnetic 
fields, both moment rotation and domain wall motion can 
take place. Calculations of permeability and of energy losses 
with different modes of remagnetization are extremely diffi- 
cult. From this point of view, the microwire seems to be 

easier to model. Unlike other materials, it is possible to use a 
simple model for the description of its dynamic properties. 

EXPERIMENT 

We have investigated microwires of (Co100-xMnx)75B15 
Si10 alloys, where x lies in the range from 4 to 8. In this 
range of Mn content, the alloy magnetostriction passes 
through zero. The microwires were cast by Taylor's tech- 
nique. The diameter of the metal was in the 6-10 /xm range, 
and the glass coating was 2-4 /jm thick. 

We have measured static hysteresis loops as well as real 
and imaginary parts of the permeability in the 1-30 MHz 
frequency range. The static hysteresis loop was plotted using 
a conventional hysteresisgraph. The microwire was placed in 
the alternating magnetic field of a long solenoid. A signal 
proportional to the solenoid current was applied to the X 
channel of an oscilloscope, while remagnetization signal was 
detected by a small pickup coil and, after integrating, was 
applied to the Y channel. 

The permeability was measured at high frequency using 
the LC resonance method. First, the circuit with a coreless 
coil was adjusted to resonance at certain frequency by chang- 
ing the capacitance. The value of the capacitance, Ct and the 
quality factor, ßj were measured, The sample consisting of 
several microwires was placed into the coil, and then the 
circuit was adjusted to resonance again by changing the 
value of the capacitor. The new values, C2 and Q2, were 
measured. Real and imaginary parts of permeability were 
calculated as follows: 

fi' = \ + 

M = 

(1) 

(2) 

a)On  leave  from   «AmoTec»   Ltd.,  bd  Dachia   15/78,   2038 Kishinev, 
Moldova. 

b)«AmoTec» Ltd, bd Dachia 15/78, 2038 Kishinev, Moldova. 

where D is the diameter of coil, d is the diameter of microw- 
ire core, and n is the number of microwires. 

The static hysteresis loop depends substantially on the 
Mn content of the microwire material. Mn-rich microwires 
feature a rectangular hysteresis loop. With decreasing Mn 
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FIG. 1. The typical hysteresis loop of microwire with Mn<6%. 

content, the value of coercivity decreases and the loop be- 
comes gradually unhysteretic. Further decreasing of the Mn 
content does not change the shape of the loop, only its slope, 
which decreases. The anisotropy field of the material thus 
increases with the decreasing in the Mn content. The typical 
loop of microwires with less then 6% Mn is presented in Fig. 
1. This loop has an inflection point approximately corre- 
sponding to the anisotropy field Hk. 

The frequency dependences of real and imaginary parts 
of the permeability for different values of the anisotropy field 
are presented in Figs. 2 and 3. The real part of permeability 
is nearly constant in a certain frequency range, and it de- 
creases rapidly as the frequency increases over a critical 
value fr. The frequency dependence of the imaginary part 
shows a maximum at fr. The static permeability as well as 
fr depend on anisotropy field Hk. Table I summarizes the 
obtained results. 

DISCUSSION 

The hysteresis loops we obtained are typical for the case 
of an external magnetic field applied perpendicular to the 
plane of easy magnetization. In our experiments, this plane is 
perpendicular to the microwire axis. The magnetic anisot- 
ropy is induced by the stresses quenched in the microwire 
core. These stresses arise during the process of microwire 
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fabrication as a result of difference in thermal expansion co- 
efficient between glass and metal. As shown in Ref. 5, the 
value of internal stresses a may reach 1 GPa. If the Mn 
content is lower than approximately 6%, the magnetostric- 
tion constant X becomes negative. Due to the effect of mag- 
netoelastic anisotropy, which is proportional to X.o\ the mo- 
ments will lie in a plane perpendicular to the microwire axis, 
and the external magnetic field applied along the microwire 
axis will produce a coherent rotation of moments. 

At present time, there is not a definite picture of the 
magnetic structure in the Co-based microwires. The appear- 
ance of circumferential anisotropy like in the conventional 
amorphous wires seems to be the most probable, however, 
there is no direct confirmation of this supposition. Neverthe- 
less, the magnetic properties of microwires may be described 
without knowing the definite magnetic structure. The further 
consideration is based on the following assumptions: 

(a) The axis of easy magnetization lies in the plane per- 
pendicular to the microwire axis. In each point of microwire 
the magnetic anisotropy has the same value Hk and magne- 
tization vector M coincides with the direction of magnetic 
anisotropy. 

(b) The coherent moments rotation is the only mecha- 
nism of remagnetization. 

The Gilbert equation for this mechanism is6 

dM 

dt 
= v   MX  H- 

vM 

dM 

dt (3) 

where M is the magnetization vector, H is the magnetic field 
vector, v is the gyromagnetic factor, and a is the parameter 
which describes losses. 

TABLE I. jxst is the static permeability and fi'r fi" is the permeability 
measured at fr. 

Hk(A/m) /r(MHz) MK Pr Vr 

45 
120 
280 
500 

5 
12 
25 
30 

8000 4000 3000 
4000 2000 1200 
2500 1200 400 
1000 500 60 
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The M and H vectors include static (M0,Hfc) and alter- 
nating (m,h) components and we can write: 

M=M0+m,    H=HL+h. (4) 

Let us divide the microwire on elements which are small 
enough to consider that the direction of local anisotropy in 
each element is uniform. The assumption (b) means that the 
component mz has the same value for each element. So, from 
the solution of Eq. (3) for a small element, it is possible to 
obtain the permeability of the whole microwire. We take a 
local coordinate system for a small element of the microwire 
such that the X axis is directed along the local M0 and Hk 

vectors, while the Z axis is directed along the microwire 
axis. The effect of neighboring elements may be taken into 
account by introducing the demagnetization factor, N, so h 
transforms to h-JVm. The components of N for the long 
cylinder are Nx= 1/2, Ny= 1/2, Nz~(l/r)2<0 (I is the length 
of microwire, r is the radius of microwire). We confine our- 
self to the consideration of dynamic processes in the low 
external field, such that h<Hk and m<M0. So, we may 
neglect terms including products of mh, mm, and hh. With 
these assumptions, Eq. (3) may be rewritten as 

dmy 

dt 

dmz 

dt 

v 

■ — v 

mzHk-M0h + M0Nmz + 

a    dmy 
M0Nmy + Hkmy+- ■ -r— 

dmz 

dt (5) 

(6) 

By solving these equations, it is possible to find an ex- 
pression for the frequency-dependent complex permeability: 

wr(wr( 1 + ßs,N) + i (oa) 
fl~flst' co2

r(l+/j,stN)-o)2-0)2a2 + 2io)ü)ra(^ + ßstN)' 
(7) 

where wr=vHk, /ubst=M0/Hk (initial permeability). 
The term (a/v)-(dmz/dt) in Eq. (5) expresses the de- 

magnetization field occurring due to eddy currents. Accord- 
ing to Ref. 7 the moment rotation in the cylinder of radius r 
induces a demagnetization field Hd= (r2/4p) ■ (dM/dt). The 
loss factor a is equal to (vMr2)IAp, where p is the resistivity 
of the microwire. The frequency dependences of the real and 
imaginary parts of the permeability are presented in Figs. 2 
and 3. These were calculated using the following parameters: 

r = 4Xl(T6m,  p=1.6X 10"6 Ü m, 

M = 0.8T,  and y=2.2X 105 rn(As)"1. 

The experimental results obtained are in a good agree- 
ment with the above theoretical considerations. The experi- 
mental values of static permeability and permeability at the 
critical frequency, as well as the values of critical frequency 
differ less than 20% from the values predicted by the pro- 
posed theoretical model. It is worth to note that CoMn mi- 
crowires show a lower value of fi" than that predicted by the 
theoretical model especially for the alloys with high anisot- 
ropy field. It is also interesting that a certain part of the 
frequency dependence of fi'r lies above the so-called Snoek 
limit line which is described by the equation (o/x=2vM/3 
/z0.

8 The Snoek line confines the area in which the depen- 
dences /(/,(/) would lie if we take a bulk material with a 
single magnetic anisotropy. There are two kinds of consider- 
ably different magnetic anisotropies in the microwire. A 
rather low magnetoelastic anisotropy is responsible for the 
high value of static permeability while a strong shape anisot- 
ropy provides the extension of the frequency range where the 
real part of the permeability stays near constant. 

CONCLUSION 
The Mn content of Co Mn microwires strongly affects 

the magnetic properties. While the Mn content is less than 
the critical value of about 6.5% the microwire shows easy 
axes in a plane perpendicular to its axis. The remagnetization 
of the microwires occurs by moment rotation, which pro- 
vides a fast response to the applied external magnetic field. 
The proposed model of the dynamic magnetization process is 
in a good agreement with the experimental results. Microw- 
ires exhibit low values of eddy current loss factor and an 
extended frequency range where the real part of the perme- 
ability is near constant. 
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Frequency versus Lyapunov exponent map: A new approach to investigate 
dynamics of nonlinear magnetic systems 
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The complex Lyapunov exponent X plays a vital role in characterizing the dynamics of a physical 
system. The real part of X has frequently been related to as just the Lyapunov exponent and has been 
used for decades to characterize the stability of the system. The imaginary part or the frequency of 
oscillations can also give valid information about the dynamics of the system, particularly how it 
behaves near the equilibrium points. In this article we will show that the frequency versus Lyapunov 
exponent map can give additional information about the very nature of the system and provide 
background for detailed analysis concerning the applicability of the control technique and its robust 
nature. As an example of the applicability of the map, an appropriate model to investigate the origin 
and growth of the auto-oscillations are the circular YIG films. Starting with the low power 
ferromagnetic resonance spectrum and analyzing the behavior as a function of power the creation 
and evolution of "shoots" in the map have been demonstrated. The resulting map gives new 
insights about the relationship between the underlying dynamics of the system and the "growth" of 
the shoots into auto-oscillation fingers. This approach can explain many features of the 
auto-oscillation behavior and gives new insights into investigating techniques to control and 
synchronize chaos as well as to explain desynchronization bursts. © 1998 American Institute of 
Physics. [S0021-8979(98)51211-X] 

INTRODUCTION 

The field of controlling chaos has had a profound effect 
in different areas of science. The ability to eliminate chaotic 
behavior as well as the ability to "control" it can increase 
not only the ranges of stable regions but also can find new 
areas of applicability.1 One of the main features of the cha- 
otic system is sensitivity to initial conditions. A small per- 
turbation to a system parameter can lead to large modifica- 
tions of the behavior of the system. In this manner it is 
possible to influence the system behavior and obtain a de- 
sired periodic or "controlled" response from the system. 

From the beginning of the chaos investigations the 
Lyapunov exponents were widely used to investigate the sta- 
bility of the system around a position of equilibrium points 
or near stable or unstable manifolds. The ability to bring the 
system from the chaotic region to a stable region actually 
involves the ability to change the sign of the positive 
Lyapunov exponent X. On the other hand, the imaginary part 
of the complex Lyapunov exponent or frequency describes 
the dynamic properties or the frequency of the oscillations 
around the equilibrium point. 

Even though plots of the Lyapunov exponent and fre- 
quency versus system parameters can give some basic infor- 
mation about stability regions and system oscillations, they 
do not answer questions about the controlling techniques and 
the robustness of the controlled region. On the contrary, the 
frequency versus Lyapunov exponent map can provide im- 

portant information about the ' 'controlling'' properties of the 
system that explains its behavior near the equilibrium points 
as well as provide background for detailed analysis concern- 
ing the applicability of the control technique and its robust- 
ness. 

ORIGIN OF THE AUTO-OSCILLATIONS IN CIRCULAR 
THIN YIG FILMS 

As an example of the applicability of the map, the model 
appropriate to investigate the origin and growth of the auto- 
oscillations in circular yttrium-iron-garnet (YIG) films at 
perpendicular resonance2 has been used. In a small disk the 
boundary conditions introduce normal modes whose energies 
are shifted slightly above the bottom of the spin-wave band. 
The ferromagnetic resonance spectrum consists of a series of 
resonances with separations of typically 1 or 2 Oe. At higher 
powers, these modes exhibit nonlinear behavior leading to 
periodic and then chaotic auto-oscillations. It has been 
shown3 that in the case of thin circular YIG films the dynam- 
ics of the system can be approximated by the system of first- 
order nonlinear differential equations, representing the 
coupled magneto-static modes C,: 

dCi 

dt 
-iy (H-Hf -T,)C,.+ ||]/f 

+ 27rAf,2 Aijk,CfCkC, 
jkl 

(1) 

"'Electronic mail: piskun@mps.ohio-state.edu 

where A;JU are the nonlinear coupling coefficients whose 
magnitudes are determined from the original Hamiltonian. 
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FIG. 1. (a) Plots of frequency (upper) and the Lyapunov exponent (lower) 
as a function of the magnetic field. The power was fixed at ATT=-18 a.u. 
and the magnetic field H was varied from 2 to 12 Oe. (b) The Lyapunov 
exponent vs the frequency map for the same sweep. 

The constant characteristics of the system are Ms—the 
sample magnetization and /*—the coupling with the rf field. 
Hfs and T, are the resonant field and half-width of the j'th 
magneto-static mode and are taken directly from the low 
power FMR experiment. The variable parameters of the sys- 
tem are H—the magnetic field and hp—the rf input power 
[expressed in attenuation (ATT) level units]. 

In the linear case the equations can be easily solved ana- 
lytically giving the solution for each mode C in the form: 

C=C()e
k'+iat- 

hpI* 

2(H-Hles-iT)' 
(2) 

where X=-yT and ü)x=(H-Hies)y. 
As we can see, the Lyapunov exponent is negative and 

does not depend on the system variables H and hp. The 
frequency depends linearly on the deviation of H from the 
resonant field position. The steady-state solution gives ordi- 
nary low-power FMR-type behavior. Despite its simplicity 
the linear approximation can serve as a starting point to fu- 
ture nonlinear investigation of Lyapunov exponents and fre- 
quencies. 

In order to explore nonlinear properties of the system the 
equations were solved numerically to find corresponding 
Lyapunov exponents A. and frequencies w as a function of the 
magnetic field H and power ATT for three magneto-static 
modes C,-. The plots of X(H) and a)(H) for small fixed 
power are shown on Fig. 1(a). Figure 1(b) is the single map 
of (o vs A. for the same H sweep. From Fig. 1, we can clearly 
observe that the increase in the Lyapunov exponent occurs 
when the frequencies of the magneto-static modes coincide 
or, in other words when the modes couple to each other. For 
the three-mode model we can obtain three possible cou- 
plings: (0,1) with (0,2) or (0,3) and (0,2) with (0,3). Two of 
them (0,l)-(0,2) and (0,2)-(0,3) are off-resonant couplings 
whereas (0,l)-(0,3) is a resonant coupling. The different po- 
sition leads to different properties of couplings or "shoots" 
at high power resonance. The increase of power will only 
increase the magnitude of the Lyapunov exponent and only 
weakly affect the shape of "shoots." This is particularly true 
for the first (0,l)-(0,2) shoot. To the contrary, the shape of a 
resonant shoot is strongly affected by the corresponding 
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FIG. 2. (a) The Lyapunov exponent vs frequency map for 20 different H 
field sweeps. The power level has been varied from -20 to 0 a.u. in 1 a.u. 
steps. The first finger appears at a frequency of 2.5 MHz. The second finger 
is created by two colliding shoots at a frequency of 5.5 MHz. (b) The 
Lyapunov exponent vs the frequency map for 10 different H field sweeps. 
The power level has been varied from -20 to - 10 a.u. in 1 a.u. steps. 

FMR resonance. As can be seen from Figs. 2(a) and 2(b), as 
the power increases, it will shrink first at ATT= -13 [Fig. 
2(b)] and then reappear again at ATT= - 10. 

When the Lyapunov exponent is equal to or greater than 
zero, the auto-oscillations start to be observed. This process 
is best seen from a global Lyapunov versus frequency map 
as presented on Fig. 2(b) where the magnetic field was swept 
through the resonance at 10 different attenuation levels. 
From this map the evolution of the mode coupling shoots 
into the auto-oscillation fingers can be observed. The first 
finger is obtained from the first nonresonant shoot as it 
crosses zero of the Lyapunov exponent. On the other hand, 
the analysis shows that the second finger is created by two 
colliding shoots: resonant (0,l)-(0,3) and nonresonant 
(0,2)-(0,3), which introduce additional complexities into the 
system. 

STABILITY AND ROBUSTNESS ANALYSIS 

In order to analyze the properties of our system a more 
extensive map is presented in Fig. 3 where the Lyapunov 
exponent is near zero. This map offers a unique opportunity 
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FIG. 3. The Lyapunov exponent vs the frequency map expanded in the 
region where the Lyapunov exponent is near zero. 

to visualize and analyze the behavior of the system from the 
stability point of view. Figure 3 clearly shows that the lowest 
branch, which corresponds to the first auto-oscillation finger 
in the experiments, is very narrow in the frequency band and 
for small changes in the frequency during a given field 
sweep there is a large change in the Lyapunov exponent. It 
suggests that chaos can be suppressed very efficiently by 
applying a small periodic perturbation with a frequency near 
this value in an open loop control, or the chaotic state can be 
controlled relatively easily by driving the system into the 

region of the map having a negative or zero Lyapunov ex- 
ponent. Furthermore, the narrow frequency band might be 
related to the robust features of the system. In this case, we 
would expect it to be easier to bring the system into the 
controlled state but perhaps more difficult to maintain that 
control. 

On the other hand, the analysis of the second finger, 
which was created by two colliding branches seems to give 
some promising insights. This branch has an increasing de- 
pendence of frequency on power and exhibits a much wider 
frequency band. As a result, it would be expected that it 
would be more difficult to establish a controlled state but 
once in that state the controlling process would be more 
robust. 

The map also gives quantitative estimates for the auto- 
oscillation frequency for the first and the second fingers. As 
shown on Fig. 3, the region of the map with positive 
Lyapunov exponent corresponds to the auto-oscillations. The 
experimental results at the onset of the auto-oscillations4 are 
in good agreement (within 10%) with the numerical estima- 
tions. 

1 "Special issue: Controlling Chaos," edited by T. Kapitaniak and M. El 
Naschie, Chaos Solitons Fractals 8 (1997). 

2D. Peterman, Dissertation, The Ohio State University, 1996. 
3R. McMichael and P. Wigen, Phys. Rev. Lett. 64, 64 (1990). 
4N. Y. Piskun and P. Wigen, J. Appl. Phys. 81, 5731 (1997). 
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We used amplitude equations to study the dynamic behavior of magnetization nucleation. Under 
certain conditions, the amplitudes of higher modes become dominant at large field and the reversal 
process moves to a new metastable state. Mode-mode coupling excites a cascade of nucleation 
modes and indicates that a common single-mode analysis is invalid. © 1998 American Institute of 
Physics. [S0021-8979(98)24511-7] 

The magnetization reversal mechanism of a single- 
domain ferromagnetic particle has been studied for 
decades.1-4 However, the experimental behavior of an iso- 
lated particle was only reported recently, and some of the 
data are inconsistent with the predictions of single-domain 
theory.5'6 An understanding of this problem is important 
from both fundamental interests and high-density data stor- 
age applications. According to the micromagnetics theory, 
the magnetization reverses through certain spatial modes 
when the external field reaches the nucleation field. Both the 
nucleation field and its corresponding mode can be obtained 
by solving the linearized Brown's equation.2 However, it 
does not consider the possibility that an intermediate stable 
state may exist to trap the reversal process. Only a few at- 
tempts have studied the reversal process beyond the linear 
stability theory.4'7 Most of the theories are based on the as- 
sumption that a single mode is involved in the reversal pro- 
cess. However, there usually exist many intermediate meta- 
stable states during the reversal process and many different 
growing modes may arrive the same metastable state. 
Müller7 has also shown that in the case of a thick slab the 
state with finite deviation from saturation involves four dif- 
ferent spatial modes. Therefore, conclusions based on the 
single-mode consideration are not sufficient and it is neces- 
sary to incorporate the equation of motion of magnetization 
to give a more satisfactory description on magnetization re- 
versal. 

We use a perturbative approach to investigate the dy- 
namic behavior of the magnetization after nucleation in an 
infinite cylinder. Our studies can be briefly described as fol- 
lows. The deviation of magnetization from its saturation 
state, i.e., the component perpendicular to the cylinder axis, 
is assumed to be a small quantity. In order to study the non- 
linear behavior, we keep the Landau-Lifshitz (L-L) equa- 
tion to the third order of the deviation from the saturation. 
The deviated magnetization is separated as the spatial modes 
and time-dependent amplitudes. Using the spatial mode- 
expansion technique, we transform the partial differential 
L-L equation into a set of coupled ordinary differential 

"'Electronic mail: crchang@phys.ntu.edu.tw 

equations for the spatial mode amplitudes. By solving the 
amplitude equations we can then study the validity of the 
single-mode analysis. 

For an infinite uniaxial ferromagnetic cylinder with ra- 
dius R, |M(r)| is usually assumed to be conserved. Follow- 
ing the usual convention, the z axis is parallel to the cylinder 
axis and the external field is along its axis. Then m can be 
written as m0+ v, where m0 is the initially saturated state 
(0,0,1) and v=(vx,vy,\ll-vx-vy- 1) represents the de- 
viation from the saturation state. Substituting m into L-L 
equation and keeping terms up to third order of vx and vy, 
we have 

dv+ (lA   , ,m \ 
— = (a-iy)\ —V2v + + H'+

{l)-Hv+   +(a-iy) 
dt \M, I 

X(Hf)-H'i% + )- ■(a-iy)v + 7(2). (2) 
H% + #K 

+ H '(2) 
2A +h-\^2-+H*'" 

-av _ 
2 A 

V2V-+H'_{l)-Hv-\, (1) 

where y is the gyromagnetic ratio and a is the damping 
parameter for dissipative effect, and v± = vx±ivy, 

H, (2)      2AV72 l (2)=_V21 
MS       \      2 

H(2)-- 

H'±=H'x±H'y. Further, H'(1), H'(2) are demagnetizing 
fields due to the magnetization Ms(vx, vy, 0) and Ms[0,0, 

- \{v2
x
Jrv2)'], respectively, and H is the sum of external 

field Hm and 2K/MS. 
It is natural to choose the solutions of the linearized 

Brown's equation,2'3 i.e., {v,(r)}, as our basis. Then we can 
write v + = 2,iCi(t)vi+(r), where C,'s are the temporal am- 
plitudes. With the same dimensionless units of Aharoni and 
Shtrikman,3 the first unstable mode for reduced cylinder ra- 
dius S=R/(\jÄ/Ms)^ 1.1 is the curling mode and this is the 
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condition used in this article. In the z direction all eigen- 
modes have the form of cos(kz/R), and the eigenfield (nor- 
malized by 2<nMs) for curling modes with different wave 
number k can be written as h(k,S)-- 1.08AS2-£2/7j-S2. 
Hence the spectrum of eigenfield is continuous. The assump- 
tion of infinite length is a simplification for particles with 
negligible end effects.8 Thus we take the periodical boundary 
condition v+(z + 2L) = v+(z) for convenience, and 
kn = mrRIL, n^N. The value of LIR is interpreted as the 
aspect ratio of the particle. The first two curling modes 
i>1 + (r), u2 + (r) can be written as vl+(r)=NliJi(l.S4lr/ 
R)ei(p, v2 + (r) = N2Ul(lMlr/R)ei'f'cos('Trz/L), where J{ is 
the first-kind Bessel function of order one and the normal- 
ization constants A^ and N2 satisfy the condition 

1 

TTR
2
2L 

l C2n PR 
dz\     dtp     drr\vi+ 

■L       JO JO 
(r)\z=l 

Let v + = '2iCj(t)Vi+(r) in Eq. (1), we obtain the equa- 
tions for the amplitudes C,'s. The amplitude equations can 
be written as Ci=(a-iy)(H-H)Ci + Nj(Ci,Cj), where 
Ht is the eigenfield of mode i, and Nt represents the nonlin- 
ear mode-mode coupling. The linear instability (nucleation) 
occurs when external field H is equal to the largest eigenfield 
H\. To study the evolution of system after nucleation, we 
must solve the infinite coupled nonlinear equations. By the 
adiabatic elimination method,9 modes with large \Ht — Hi\ 
decay rapidly for the negative linear term Ht-H<0 for 
i>2) near the nucleation point. Therefore, a truncation is 
reasonable and we keep only the first few active modes (or 
"slow modes") to simplify the problem. The number of ac- 
tive modes depends on the periodicity L in z direction. For 
large L the eigenfields are very close for adjacent modes and 
hence the characteristic times are also of the same order of 
magnitude. We arbitrarily choose p = L/R= 10 (to represent 
a needle particle with aspect ratio 10) and S = 3 (about 0.1 
mm for y-Fe203) in our calculations. To demonstrate the 
effect of mode-coupling we consider only the first two 
modes. In general C,'s are complex amplitudes: pure imagi- 
nary amplitude C, corresponds to the "flower state,"10 and 
pure real C, represents the conventional curling mode (or the 
"vortex state"10). Thus the amplitude equations contain four 
dynamic variables, but the number of variables can be fur- 
ther reduced for the imaginary parts of C\ and C2 are much 
smaller than their real parts.8 Therefore let Xx and X2 be the 
real part of Cx and C2 respectively, and the long-term behav- 
ior of the magnetization will be determined by:8 

Xx =-co0{(hi-h)Xi +AX3
l+BXlX1

1}, 

X2 = -a>0{{h2-h)X2+CX\ + DX\x2}, 

where U>Q=2TTMSJ and the coefficients are 

0.393 

(2) 

(3) 

A = 0.584(hK+h-2h1)- 

0.15 - 

<r> 
T3 
3 
f 0.10 - 
E 
< / 

/                                       » 
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/                               » 
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'                            * 
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FIG. 1. The bifurcation diagram of the amplitudes X: and X2 of the two 
excited curling modes. The solid curve represents X,, and the dotted curve 
represents X2. For \h\ e (0.12,0.12075) only the first mode X, is excited, 
growing with increasing \h\; X2=0. For \h\ e (0.12075,0.12155) X2 grows 
with \h\, i.e., the second mode is excited; but X, decreases with \h\. As \h\ 
>0.12155 no stable stationary (X,, X2) exists. 

B = 3 0.5S4hK- ■ 
0.393 

-0.584(3h2 + 2hl-3h), 

C=-0.584(hK+h-3h2)- 0.5895 + 
1.16877 

D=1.752(hK+h-h2-2hl)- 
1.179 

r2    ' 

where hK=K/TrMs. Time-independent solutions of (2) and 
(3) are: (X,=0, X2=0), {Xx=±^{h-hx)IA, X2=0), 
(Xi= ± yl-E/F, X2= ± yl(h-h2 + DE/F)/C), and (X,=0, 
X2=±yj{h-h2)IC), here E=hl-h-B{h2-h)IC and 
F=A-BD/C. The actual state of the magnetization depends 
on values of the parameters, especially on the effective an- 
isotropic field hK and the external field h. 

For a positive or zero uniaxial anisotropy, i.e., hK^0, 
the only possible stationary solution is the saturation state, 
i.e., (X!=0, X2=0). As the reverse external field h exceeds 
the nucleation field h{ this solution becomes unstable. Any 
perturbative deviation from this state will grow without limit. 
Thus it seems that the magnetization reverses in a single step 
and it is consistent with earlier single-mode analysis.3'4 On 
the other hand, for negative hK the magnetization can exhibit 
entirely different behavior. With a variation of the external 
field, the magnetization bifurcates from one solution to an- 
other. The bifurcation diagram is shown in Fig. 1 where we 
choose hK= -0.1. The saturation state can only be stable for 
\h\^\hx\ = 0.\2. For fields \h\ e(0.12,0.12075), nucleation 
takes place, and the saturation state is replaced by the sta- 
tionary solution (Xj=± yJ(h-hi)/A, X2=0). After reduc- 
tion to its normal form it can be easily shown that here oc- 
curs the supercritical pitchfork bifurcation." From the figure 
we see that the amplitude of the curling mode grows with 
increasing \h\. Within this field range the single-mode ap- 
proximation is valid because that the second curling mode 
with nontrivial z dependence is not excited. If the reverse 
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external field increases further above another threshold, 
| h 15=0.12075, then the previous single-mode solution be- 
comes unstable and the v2+(r) *s excited through the mode 
coupling. The stable solution changes to (Zj = ± ^j-EIF, 
X2=±yj{h-h2 + DEIF)IC). Again the bifurcation is the 
supercritical pitchfork type. The second mode gradually be- 
comes dominant with increasing \h\. For \h\ >0.12155, the 
solution of double-mode coupling also loses its stability and 
a perturbation of this mixed state grows without limit. Be- 
yond this critical field the magnetization may transit to an- 
other stationary state involving more than two nucleation 
modes. The symmetry of the system lowers with increasing 
| /i |. At the nucleation field h = hx the formation of the first 
curling mode removes the isotropy of magnetization. Con- 
tinuous translation symmetry in z direction also breaks as the 
second curling mode is excited with further increasing \h\. 
We have also calculated the change of volume averaged z- 

component of the magnetization mz with \h\. Due to an in- 
crease of the amplitude Xl of the first curling mode for \h\ 

e (0.12,0.12075), mz decreases as the applied field increases 
in this region. However, for \h\ e (0.12075,0.12155), be- 
cause of the modulation factor CO&[(TT/LZ)] in the second 
curling mode, mz will increase a little bit for the increasing 
amplitude of X2. Another stationary solution (X]=0, 
X2=±^l(h-h2)/C) is always unstable to any perturbation 
in X2 and thus it will not occur in reality. 

We use the mode expansion and amplitude equations to 
analyze the response of magnetization deviated from satura- 
tion at nucleation. This study shows the reversal process of a 
single-domain particle can be much more complicated than 
that of the single-mode analysis predicated. Here only two 
cylindrical modes are considered and multimode analysis can 
be extended by including more modes to the amplitude equa- 

tions. For an infinite ferromagnetic cylinder with positive or 
zero uniaxial anisotropy, we found that the curling mode 
grows without limit, with no other modes involved. In the 
case of negative anisotropy the stable stationary curling 
states exist even as the reverse external field exceeds the 
nucleation field. However, from the symmetry consideration, 
magnetization cannot only reverse with the curling modes of 
different axial periodicity discussed here.12 Therefore, other 
kinds of modes, e.g., the buckling modes or the coherent 
mode should be excited by mode-mode coupling during the 
reversal. These noncylindrical modes should break the cylin- 
drical symmetry as the deviation grows large. Our studies 
suggest that a cascade of nucleation modes occurs during the 
reversal process and the discrepancy between experimental 
data and single-domain theory can be attributed to the mode 
coupling. 

This research has been partially supported by NSC-87- 
2112-M002-006, ROC. 

1E. C. Stoner and E. P. Wohlfarth, Philos. Trans. R. Soc. London A240, 
599 (1948). 

2W. F. Brown, Jr., Phys. Rev. 105, 1479 (1957). 
3A. Aharoni and S. Shtrikman, Phys. Rev. 109, 1522 (1958). 
4W. F. Brown, Jr., J. Appl. Phys. 29, 470 (1958). 
5M. Lederman, S. Schultz, and M. Ozaki, Phys. Rev. Lett. 73, 1986 (1994). 
6W. Wernsdorfer, E. Bonet Orozco, K. Hasselbach, A. Benoit, B. Barbara, 

N. Demoncy, A. Lorseau, H. Pascard, and D. Mailly, Phys. Rev. Lett. 78, 
1791 (1997). 

7M. W. Muller, Phys. Rev. 122, 1485 (1961). 
8 C.-M. Lee and C.-R. Chang (unpublished). 
9H. Haken, Synergetics: an Introduction (Springer, New York, 1977). 

10M. E. Schabes, J. Magn. Magn. Mater. 95, 249 (1991). 
11 J. Guckenheimer and P. Holmes, Nonlinear Oscillations, Dynamical Sys- 

tems and Bifurcations of Vector Fields (Springer, New York, 1983), 
Chap. 3. 

12C.-R. Chang, C. M. Lee, and J. S. Yang, Phys. Rev. B 50, 6461 (1994). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Magnetism and Jahn-Teller effect in LaMn03 

M. Z. Li 
Institute of Solid State Physics, Academia Sinica, P.O. Box 1129, Hefei 230031, People's Republic of China 

Liang-Jian Zou 
CCAST (World Laboratory), P.O. Box 8730, Beijing 100083, People's Republic of China; 
Institute of Solid State Physics, Academia Sinica, P.O. Box 1129, Hefei 230031, 
People's Republic of China; and Department of Physics, Chinese University of Hong Kong, Shatin, N.T., 
Hong Kong 

Q. Q. Zheng 
Institute of Solid State Physics, Academia Sinica, P.O. Box 1129, Hefei 230031, 
People's Republic of China and Department of Physics, Chinese University of Hong Kong, Shatin, N.T., 
Hong Kong 

Combining charge transfer with the Jahn-Teller electron-phonon coupling, the magnetic properties 
of LaMn03 and the influence of the Jahn-Teller effect are studied. The interaction parameters of 
super exchange coupling between manganese spins are obtained. In the ground state, manganese 
spins are antiferromagnetically ordered but canted by a small angle. The spectrum of the low-energy 
spin excitation is very close to that observed experimentally. Behaviors of magnetization and spin 
correlation functions of LaMn03 exhibit certain two-dimensional ferromagnetic characters, even 
though it is an A-type antiferromagnet with anisotropic super exchange coupling. These results 
agree with several experiments. Furthermore, it is expected that the super exchange interactions 
depend on the electron-phonon coupling strength exponentially, and the Neel temperature will 
exhibit isotope shift.   © 1998 American Institute of Physics. [S0021-8979(98)39711-X] 

The discovery of colossal magnetoresistance (CMR) in 
hole-doped perovskite manganese oxides Ri_J.AA.Mn03 (R 
=La, Pr, Nd,...and A=Ca, Sr, Ba, Pb,...) has renewed 
wide interest in these compounds. Properties of these com- 
pounds could qualitatively be explained within the frame- 
work of Zener's double exchange model,1 in which the pres- 
ence of the Mn3+ —Mn4+ mixed valence is responsible for 
both the ferromagnetic ordering and charge transport. Nev- 
ertheless, it is shown recently that, in addition to the double 
exchange interaction, the influence of the Jahn-Teller (JT) 
electron-phonon coupling is also important.2'3 Undoped 
LaMn03 exhibits distinct electronic and magnetic properties 
which relate to the magnetic and transport properties of hole- 
doped LaMn03. In order to fully understand the nature of 
CMR effect and related phenomena of doped manganese ox- 
ides, it is essential to clarify the magnetic properties and the 
influence of the JT effect in their parent compounds. 

The electronic configuration of the LaMn03 is 
3dA{t\geg), where three localized t2g electrons form a core 
spin with Sc=3/2 while the one eg electron is paralleled to 
the core spin due to strong Hund coupling JH. With cubic 
symmetry, t2g and eg orbitals are threefold and twofold de- 
generate, respectively. Orbital degeneracy leads to a JT in- 
stability which causes the oxygen octahedra to distort, lowers 
its site symmetry to tetragonal and orthorhombic, and re- 
moves orbital degeneracy. In LaMn03, both t2g and eg or- 
bitals hybridize with O 2p orbitals but the t2g orbitals hy- 
bridize mainly with the 2pv orbitals while the eg orbital 
hybridizes mainly with the 2p a orbital. Therefore, the 
7r-bonding orbitals t3 — 0:2pv— ?3 and cr-bonding orbitals 
el-0:2pa-e° are formed.4 A virtual t3-p„-t3 = t2-pv 

— t4 charge transfer and a real el—pa—e° charge transfer 

occur and cause super exchange interactions between man- 
ganese spins. With this picture in mind, we consider an ef- 
fective JT electron-phonon mode together with the two kinds 
of charge transfer between Mn 3d and O 2p orbitals and 
write down the following Hamiltonian: 

H=H0 + H 'JT' (1) 

HO~2J 
eddieadiea+ 2J 

€'dditadita+ ZJ 
epPlaPla 

ia ia la 

^ATV1 _ ,    "ify  a 
'     9   2jinieaniear    9   2^nitanita     * 

^    ia ^   ita 

X 2 {d]eaPia+h.c.)-t^ (dJtaPla+h.c), 
(il)a (il)a 

HTT=yfßh^lni(b} + bi) + htoJl[b]bi+- 

(2) 

(3) 

Here d]ea{d]ta) and p)a are electron creation operators with 
spin a in the eg(t2g) orbital(s) on the jth Mn site and the p 
orbital on the Zth O site, respectively. Their corresponding 
energy levels are ee

d, e'd, and ep. The term ta(tv) is the 
hopping matrix between 2pcr(2p7I) and eg(t2g) orbitals. Uv 

and f/ff are electrostatic energies required to add an electron 
to a half-filled t2g orbital and to an empty eg orbital, respec- 
tively. The term «, is the number operator of electrons on site 
Ri. ß is the electron-phonon coupling constant and hcu is the 
phonon frequency. For LaMn03, these parameters are cho- 
sen as f^f^ 1.8 eV, U^l eV, Ua~4.5 eV, JH~2.0 eV, 
6a~4.5 eV, and eT«6.5 eV.5"7 
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FIG. 1. The electron-phonon coupling strength ß dependence of super ex- 
change coupling parameters J0 (solid), / (diamond) and Neel temperature 
TN (dash) for LaMn03. 

Making use of a canonical transformation, H=e sHes 

where S=^ßlNhü) S,-«,-^,-—&J), we eliminate the linear 
term of phonon operators in Eq. (3). We then average H over 
thermal equilibrium states of phonons and use Fröhlich's ca- 
nonical transformation to remove operators pla and p\a. 
Thus the effective transfer integral between the nearest 
neighbor Mn on the ab plane, t^{{, and along the c axis, t^{{, 
are obtained, 

t°{f=(t°e-sT)2/(ecr+ß),t:ff=(t"e-sT)2/(e7r+ß),     (4) 

0.1 

0 
0.2 0.4 0.6 0.8 

Normalized Temperature 

FIG. 2. The reduced magnetization of GAFM (A), LaMn03 (B), Q2DFM 
(C) and A-type AFM without JT effect (F) are plotted as a function of the 
normalized temperature (T/TN). 

net moment (~0.13/xg/Mn) along the c axis, in agreement 
with the experimental data.11 So the weak ferromagnetism is 
an intrinsic property of undoped LaMn03. 

The magnetic properties of LaMn03 can be studied by 
using the double-time Green's Function method. Within the 
random phase decoupling scheme, the spectrum of low- 
energy spin excitation is obtained, 

where ea=e„-Sd and ev=ev-e'd. ST=^a\\a\\{na)+\), Ekk,-^A2
k-B2

k,{S^), (6) 

\= y/ß/Nhioe'^, and n= l/[cxP(hco/kBT)-l]. According Ak = 2J0z(l-yk)-2Jz'+ 2D    Bk, = -2Jz'yk„    (7) 
to Goodenough's super exchange argument,   the effective 
magnetic interactions can be obtained, 

H^-Jo^SrS^-jJ^SrSj-D^iSj)2. 
(a1) <ü> «' 

(5) 

Here 70=(^ff)
2/H/(8C/2J(>0) and 7=-(re

7r
ff)

2/(8 
I/7r)(<0)5 are intralayer ferromagnetic interaction and inter- 
layer antiferromagnetic interaction, respectively, {ii') de- 
notes the nearest neighbors within the layer and (ij) denotes 
the nearest neighbors between the two nearest layers. The 
third magnetic anisotropy term is introduced due to the an- 
isotropic magnetic coupling of LaMn03 as mentioned above. 
The anisotropy constant D« 0.15 meV. Experimental results 
showed that LaMn03 is an A-type antiferromagnetic (AFM) 
insulator.8 

Apparently, J0 and J decrease with the increase of 
electron-phonon coupling strength ß as shown in Fig. 1. 
Choosing ß=0.105 eV, which is within the range listed in 
the review article by Sturge,9 we obtain /0«* 0.748 meV and 
/«= -0.53 meV. These values are somewhat smaller than the 
experimental fitted values10 J0^0.83 meV and 7^-0.58 
meV, but the ratio of J0 to J is very close. 

Applying a variational method to Eq. (5) in the semiclas- 
sical approximation of spin operators, it is found that spin 
cants a small angle to the c direction in the ground state. The 
angle between the spin moment and the c axis is about 86°. 
So the magnetic ground state is a canted structure and with a 

where yk=cos(kxä)cos(kyb),yki=cos(k^c); z=4 and z' =2 are 
coordinate numbers in the ab plane and along the c axis, 
respectively. At low temperature region, (S'z)ss5, the spin- 
wave spectrum agrees very well with experiment.12 As can 
be seen from the energy spectrum, the magnetic interactions 
exhibit strong anisotropic dispersion. 

In terms of the expression of sublattice magnetization for 
the case of 5=2,13 Neel temperature can be expressed as 
TN=S(S+ l)/(3kBC1), where C, = (2/A0 ~Zkk,{AkIE2). It is 
found that TN decreases with the increase of electron-phonon 
coupling strength ß as shown in Fig. 1. For /3=0.105 eV, 
T^ 145 K which is in good agreement with experimental 
data (140 K).11'12 The spin correlation functions (SJS*)^ in 
the ab plane and (S~Sf)± along the c axis are also obtained, 

(sj s?)\\~   N   ZJ 
iV   k,k' 

coth 
-kk' 

2kBT 
-1 eiK-(R,-R;0) 

(8) 

(s;st)±=- N 2 
k,k' 

Bk'     , | Ekk, 
XCOthte 

,iK'-(R,-R,: 

(9) 

where E— \JA\-B2.,. Sublattice magnetization and correla- 
tion functions can be calculated self-consistently. 

In Fig. 2, the reduced magnetization of LaMn03 is cal- 
culated and compared with those of quasi-two-dimensional 
ferromagnets    (Q2DFM)    and   G-type    antiferromagnets 
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FIG. 3. Wave-vector dependence of the transverse spin-spin correlation 
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LaMn03 in [100] and [001] directions, respectively. The dashed line repre- 
sents the correlation of GAFM in [001] direction. 

(GAFM) with the same parameters. A, B and C represent 
reduced magnetization curves of GAFM, LaMn03 and 
Q2DFM, respectively. The reduced magnetization of 
LaMn03 lies between those of Q2DFM and GAFM. It is 
obvious that LaMn03 exhibits a certain two-dimensional 
(2D) ferromagnetic character, which is in agreement with the 
experiment.12 Furthermore, the reduced magnetization of A- 
type AFM without JT effect is also calculated (see the curve 
F in Fig. 2). The curves B and F are very close to each other, 
but the reduced magnetization of LaMn03 is smaller than 
that without JT effect at the same normalized temperature, 
which shows that the presence of JT effect weakens the mag- 
netic coupling of the spins. 

In Fig. 3, wave-vector dependence of the transverse 
spin-spin correlation functions of LaMn03 in the [100] and 
[001] directions are shown. In the [100] direction, the trans- 
verse correlation decreases to zero with the increase of kx in 
the first Brillouin zone (BZ), but in the [001] direction, the 
transverse correlation increases when the wave vector kz in- 
creases in the first BZ, while at kz=ir/2, the correlation is 
zero. The behavior of correlation of LaMn03 in the [001] 
direction is different from that of GAFM which decreases 
with increasing of kz as shown in Fig. 3. Due to the distinct 
ferromagnetic coupling in the ab plane and antiferromag- 
netic coupling along the c direction, the behavior of spin 
correlation exhibits anisotropy. The anisotropic super ex- 
change coupling in the undoped LaMn03 may be the origi- 
nation of anisotropic magnetoresistance recently discovered 
in the doped LaMn03.

14 

According to Eq. (4), the magnetic coupling in LaMn03 

depends on the JT phonon frequency which is proportional to 
M~1/2, mass of the oxygen. Therefore isotope substitution of 
oxygen may affect the effective magnetic interactions be- 
tween neighboring Mn cations, and the Neel temperature will 
exhibit isotope effect. From Eq. (4) and the formulas of J0,J 
and TN, the isotope shift of Neel temperature in LaMn03, 
denoted as AT=T^—T]^, can be calculated numerically. 
For LaMn03, the phonon frequency hoo^Q.05 eV;15 thus the 
isotope shift of the Neel temperature is estimated to be AT 
«=17 K. So the isotope substitution of heavy oxygen reduces 
the phonon frequency, and the Neel temperature by about 17 
K. Therefore, the isotope shift of TN should be able to be 
observed in further experiment. 

In summary, the magnetic properties of LaMn03 and the 
influence of the JT effect on it are studied. It is found that in 
the ground state of LaMn03, spins cant a small angle. The 
magnetization and the spin correlation functions show that 
LaMn03 possesses certain 2D ferromagnetic characters with 
anisotropic super exchange coupling. The JT effect substan- 
tially reduces the theoretical estimate of the Neel tempera- 
ture, and the Neel temperature is expected to exhibit an iso- 
tope shift. 
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Application of spin-dynamics methods to a study of magnetization 
tunneling in many-spin systems 

V. V. Dobrovitski and B. N. Harmona) 

Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011 

Spin-dynamics methods were applied for the numerical study of magnetic tunneling in many-spin 
systems. A numerical technique based on the instanton approach was developed and the 
zero-temperature case as well as finite-temperature effects were considered. We show that even for 
a two-spin system results can differ considerably from those of a corresponding reduced one-spin 
(or collective spin) system. Moreover, it is argued that such a difference can take place for real 
materials such as magnetic molecules (e.g., Mn12). Thus, consideration of the many-spin nature of 
some systems is shown to be important. © 1998 American Institute of Physics. 
[S0021-8979(98)51311-4] 

The phenomenon of magnetization tunneling is a funda- 
mental property of mesoscopic magnetic systems. It has been 
studied for more than a decade and much progress has been 
achieved.1 But most of the studies have been restricted by 
one important approximation: instead of systems where each 
spin is individually treated, reduced systems were consid- 
ered, with the coupled separate spins forming a single col- 
lective degree of freedom. For example, tunneling in small 
ferromagnetic (FM) grains (as well as in molecular magnets 
such as Mn12) was treated as tunneling of a single large spin 
representing the collective degree of freedom of all the small 
spins comprising the grain.1 Analogously, the Neel vector is 
the corresponding collective degree of freedom in a small 
antiferromagnetic (AFM) particle.1'2 Such an approximation 
works well if the exchange interactions between spins are 
much stronger than the anisotropy energies governing the 
motion of the collective degree of freedom (collective spin). 
Thus the question arises, How strong does the exchange need 
to be to make the collective spin method valid and what can 
be expected if the ratio of exchange to anisotropy is not very 
large? 

The primary goal of this article is to show that, even if 
exchange is considerably larger than anisotropy (say, five 
times larger), many-spin effects are important. We identify 
one of the parameters governing the tunneling rate in the 
many-spin case and give a qualitative explanation of its de- 
pendence on exchange and anisotropy constants. Our aim is 
to elucidate basic principles, so here we present results only 
for simple two-spin systems. For the same reason, we con- 
sider only systems with collinear ordering. 

We use the instanton approach1'3 to describe the tunnel- 
ing process quasiclassically. Thus, we consider systems con- 
sisting of several large spins (two spins for the cases pre- 
sented below) where anisotropy is of the same order as the 
exchange coupling between the large spins. Our results can 
be applied qualitatively to such systems as assemblies of 
certain / ions (those possessing large spin on each ion) or 
Mn12 high-spin molecules, as described below. 

We consider a system consisting of easy-axis spins 

coupled by exchange interactions. The easy axis is chosen to 
be directed along the x axis. In general, if the total spin 
projection onto the easy axis is not zero, an additional easy- 
plane anisotropy should exist to allow tunneling.1 Thus, in- 
troducing spherical angles 0 and <j), the Hamiltonian of the 
system under consideration is 

#=2 Kt sin20, sin2 </>, + ]£ K\ cos2 6t 

+ ZJ 7;.[COS 6t cos 6: 
«'</' 

+ sin 6t sin 8j cos((/>;— <pj)± 1], (1) 

where Kt and K[ (K'^K, for all i) are the easy-axis and 
easy-plane anisotropy constants, respectively, and Jtj are the 
exchange couplings. In third sum we add ± 1 (depending on 
the mutual direction of i'th and y'th spins) to provide normal- 
ization of the energy. 

As we mentioned above, only systems with collinear or- 
dering are considered, so the Hamiltonian (1) possesses two 
degenerate minima: ö,= i7/2, </>,• = 0 and 6J=TT/2, <^,= 7T. 

These minima are separated by a potential barrier (the barrier 
height is governed by the easy-axis anisotropies Kt of all 
spins), and tunneling is possible between them. Within the 
instanton approach, we introduce imaginary time r='\t (i 
= V— 1) • Equations of motion for the system in imaginary 
time define the instanton trajectory, which starts at T—> - oo 
at the point corresponding to one minimum of the Hamil- 
tonian (1) and ends at the other minimum at T—> + OO. The 
value of imaginary-time action functional on the instanton 
trajectory S^E defines the tunneling rate T: 

r=r0exp(-5Vft), (2) 

"'Electronic mail: harmon@ameslab.gov 

where T0 is the prefactor. The value of T is essentially de- 
termined by the instanton action yE (due to exponential de- 
pendence), so our analysis will be focused only on the quan- 
tity^. 

To solve the problem (both for zero- and finite- 
temperature cases) the following numerical scheme was 
used. We find the instanton as a solution of the boundary 
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value problem for a finite interval T0 of imaginary time; the 
boundary conditions are cos 0,=O at both ends of the inter- 
val, T= + TQ/2 and T— - T0/2. The quantity T0 is defined by 
the temperature: 2T0 = ßh-h/(kBT), where kB is Boltz- 
mann's constant. The Newton quasilinearization method 
with step correction was used with an analytical initial ap- 
proximation. If the analytical initial approximation is too far 
from the actual solution to attain convergence, a preliminary 
computation is performed, with another set of parameters 
chosen to attain convergence to the solution directly from 
analytical initial approximation. Then, results of this prelimi- 
nary computation are used as an initial approximation for the 
calculation with the set of parameters we are interested in. 
Finally, integration of the Lagrangean along the instanton 
path gives the value of the action S?E. 

In calculations we use dimensionless energies normal- 
ized to some characteristic energy of the system E0 and di- 
mensionless imaginary time (using substitution T—>£0T/A). 

Such a normalization does not change the value of the in- 
stanton action. Values of individual spins St are also normal- 
ized to some characteristic large spin S0; in doing so the 
instanton action yE becomes S0 times smaller. 

To understand qualitatively the role of interaction be- 
tween spins, let us analyze the Hamiltonian (1). Due to the 
lack of space it will be done briefly, omitting some details. 

The easy-axis (first) term defines the potential barrier 
height and thus basically determines a general energy scale 
for the ith spin. The easy-plane (second) term permits the 
tunneling: both easy-axis and exchange terms conserve the 
projection of the total spin onto the easy axis. Thus, the rate 
of change of the projection of ith spin is governed by the 
quantity K[-Kt. The exchange (third) term transfers the 
rotation of ith spin to y'th spin, so even if K'j - Kj is zero, the 
y'th spin can tunnel: the ith spin (having nonzero K'j-Kj) 
makes the jth spin rotate. The rate of rotation of y'th spin in 
this case is governed by Jtj (if 7y is small enough) or by 
K\ - Ki (if Jjj is strong, so that ith and jth spins rotate as a 
one collective spin). 

The total energy of the system is conserved; since the 
energy at each minimum is zero, we obtain for the instanton 
action: 

5^= "J"? SiPi<t>i (3) 

where pt = i cos 6t are canonical momenta conjugated to co- 
ordinates <f>i. It can be shown that yE is always positive in 
spite of the negative sign in (3). 

Thus, the instanton action is defined by the rate of spin 
rotation. The exact solution for a single spin (see Ref. 1) 
predicts that the value .9"E is smaller when spins rotate faster. 
It holds also for the systems under consideration. Thus, ro- 
tation rate is one of the main parameters governing the in- 
stanton action. If the rotation rate of all spins is the same, 
there is no additional contribution from exchange term and 
the instanton action is the same as for noninteracting spins. 

If spins rotate with different rates, exchange tends to 
unify rotation, i.e., push trajectories of individual spins 
closer to each other (for FM exchange) or pull them apart 
(for AFM exchange). Therefore, the exchange interaction 
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FIG. 1. Dependence of instanton action vs exchange for different values of 
the parameter K2 (governing the rotation rate of the second spin): (a) K2 

= 8; (b) #2 = 6; (c) K'2 = 2.2\ (d) K'2=l.l. All the other parameters are the 
same for all plots: Kl = K2= 1, S, = 1, S2 = 3, K[ = 2. Spins are FM coupled 
(exchange integral is negative). 

slows down rotation of faster spins and accelerates rotation 
of slower spins. Thus, the contribution to the instanton action 
from faster spins increases and for slower spins it decreases. 
However, the contribution to the total action is larger for 
larger spins, so that accelerating the larger spins by increas- 
ing the quantity K'f-Kj for those spins will increase the 
tunneling probability. 

Following these guidelines, we can understand the 
curves shown in Fig. 1 for the system of two FM-coupled 
spins, Si = l and S2 = 3. Dependences of instanton action 
versus coupling are presented there for different values of 
easy-plane anisotropy of the second spin K'2; the other 
anisotropies are kept unchanged: KX = K2 = 1, K[ — 2. When 
K'2 is large [Fig. 1(a)], S2 rotates faster, and exchange mainly 
accelerates the first spin, decreasing the instanton action. The 
contribution from slowing second spin is less, so the total 
action decreases with increased coupling. When we reduce 
K'2, rotation rates for both spins become equal, so exchange 
has almost no impact on instanton action [Fig. 1(b)]. Further 
reduction of K2 leads to a competition between acceleration 
of the second spin and slowing of the first one, so the peak 
appears [Fig. 1(c)]. For lower values of K2, an increase in 
exchange leads predominantly to acceleration of the second 
spin, lowering the total action. These curves are quite char- 
acteristic for a rather large variation of parameters and the 
analysis remains qualitatively the same. 

Nonzero temperature T can be accommodated quite 
naturally within the instanton approach using the theory de- 
veloped by Affleck.4 In this case the tunneling rate is given 
by the same formula (2), but the instanton is the periodic 
trajectory with the finite period 2 T0 (which is defined by the 
temperature, see above). With increasing temperature, the 
instanton action remains almost unchanged until some tern- 
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FIG. 2. Temperature behavior of instanton action for the two-spin model 
system of a MnI2 molecule. Results are shown for different sets of anisot- 
ropy constants: 1st set—^ = 2, K\ = 2.2, K2=^K'2 = §\ 2nd set—K1 = K\ 

= 0, K2 = 2, K'2 = 2.2; 3rd set—KX = K2 = 1.1. Spin values are 
Si = 1, S2 = 3. Spins are AHM coupled, and the coupling strength is J= 10. 
The plot for the single spin 5 = 2 is also shown; anisotropies are K=2 and 
K' = 2.2. Note that this single spin is "equivalent" to all parameter sets of 
two-spin system presented here. 

perature region, called the crossover region, is reached. At 
the crossover region the instanton action starts to decrease; it 
means that the thermal effects, instead of tunneling, govern 
the relaxation rate. 

The present study can serve as a qualitative model of the 
extensively investigated molecular magnet Mn12. We con- 
sider a Mn12 molecule as consisting of two AFM-coupled 
spins, Sx = 6 and 52=16. Individual anisotropies for these 
spins are not known, but the equivalent single spin is known5 

to have the value 5=10 and the easy-axis anisotropy equiva- 
lent to about 60 K. We assume that the tunneling in Mn12 is 
provided by a small easy-plane anisotropy, \K'-K\<K.6 

The value of coupling J can be estimated to be about 300 K. 
Thus, we consider the model system consisting of two 

AFM-coupled spins .Si = l and S2 = 3 (1:3^6:16). Energy 
is normalized to have K= 2, so individual easy-axis anisotro- 
pies obey Kl + K2 = 2. Normalized coupling / is 10. Below 
we present results for K'= 2.2 (so individual easy-plane 
anisotropies obey K[+K2 = 2.2); calculations for the values 
down to K' = 2.02 give qualitatively the same results. 

Results of computations for such a model system are 
shown in Fig. 2. Temperature dependencies of instanton ac- 
tion are shown for different easy-axis and easy-plane 
anisotropies. Normalized temperature is used: r(K) = 12K 
xr(dimensionless). The ideas described above can be used 
to understand these curves: to get larger instanton action we 

slow down the larger spin by making the easy-plane anisot- 
ropy of this spin equal to zero (along with the easy-axis 
anisotropy, since K^K'i). A zero anisotropy of the smaller 
spin gives smaller instanton action (we increase K2 up to the 
limiting value 2.2 thus accelerating S2 as much as possible). 
It is easy to see that instanton action varies considerably, and 
can be 20% higher than that of "equivalent" single spin (the 
lowest curve in Fig. 2). If we estimate the difference in re- 
laxation times (using S0***6), we find that the relaxation rate 
is about 2000 times smaller for the two-spin system in com- 
parison with the "equivalent" single-spin system. This re- 
sult could offer an alternative explanation for the unusually 
small value of the pre-exponential factor7 observed for Mn12. 
The crossover temperature for the two-spin system also de- 
creases considerably and achieves a value almost two times 
less than that for the ' 'equivalent'' single spin. Thus, even if 
exchange is five times larger than anisotropy, many-spin ef- 
fects are important for determining the crossover tempera- 
ture. 

In summary, for two-spin systems with collinear order- 
ing we demonstrated that many-spin effects are important 
even if exchange is considerably larger than anisotropy. We 
have shown that qualitative understanding of our results can 
be achieved by analysis of the spin rotation rates which are 
governed by easy-plane terms in the Hamiltonian. Finite- 
temperature effects were also studied for the two-spin model 
of the magnetic molecule Mn12. We demonstrated that in this 
case the temperature dependence of the tunneling probability 
for the two-spin system can differ considerably from the cor- 
responding collective spin system. 
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Spin dynamics in S=1/2 chains and ladders from NMR and susceptibility 
measurements in Sr14_xNaxCu24041 
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The authors report on NMR and susceptibility measurements in Sr14_xNaA.Cu24041 for 0=£x=s2. The 
analysis of the susceptibility evidences that only a small fraction of Cu2+ spins are involved in the 
dimerization of Cu(l)02 chains. The introduction of extra holes by Na+ doping is found to decrease 
the Cu(l)2+ uniform static susceptibility without affecting the amplitude of the dimerization gap. 
On the other hand, the amplitude of the spin gap in the Cu(2)203 two-leg-ladders and the resistivity 
are reduced by doping. The origin of the discrepancy in the amplitude of the gap estimated by means 
of nuclear spin-lattice relaxation and susceptibility measurements is briefly discussed. © 1998 
American Institute of Physics. [S0021-8979(98)39811-4] 

I. INTRODUCTION 

The discovery of high-temperature superconductivity 
has brought renewed interest in the study of low-dimensional 
cuprates,1 and the search for superconductivity in the quasi- 
one-dimensional (quasi-ID) ones [(Sr, Ca)14Cu24041] has 
recently been proven to be successful.2 This fact is of major 
interest and could lead to a reexamination of the properties 
of high-rc superconductors (HTCSC) in the frame of a 
quasi-ID scenario, particularly if a phase separation takes 
place.3 Therefore an extensive investigation of either pure or 
hole doped quasi-ID cuprates and a comparison with the 
normal-state properties of HTCSC is required. Sr14Cu24041 is 
the parent of this new family of quasi-ID superconductors 
and its structure comprises Cu(l)02 chains and Cu(2)203 

2-leg-ladders.4 Cu(l)2+ spins dimerize around 80-100 K 
and the origin of this dimerization is still under debate.5 On 
the other hand, the comprehension of the properties of spin 
excitations in the 2-leg-ladders could be considered almost 
complete if the discrepancy in the value of the gap derived 
from DC susceptibility and NMR measurements is not 
concerned.12 The chains are intrinsically doped by six holes 
due to the three excess O2" ions present in the stoichiometry. 
By a substitution of Sr2+ with Ca2+, an increase in the 
chemical pressure is obtained, a more efficient transfer of 
holes to the ladders is achieved, and a superconducting state 
is realized.2 In this paper we report on the modifications of 
the spin dynamics in the chains and in the 2-leg-ladders of 
Sr14Cu24041 after an introduction of extra holes by substitut- 
ing Sr2+ with Na+. By varying the Na+ content we expect to 
vary the hole concentration in the ladders due both to an 
increase of the chemical pressure and to the heterovalent 
nature of the substitution. 

II. RESULTS AND DISCUSSION 

For all samples the resistivity was observed to increase 
on cooling and two different activated regimes, with energy 

barriers decreasing with doping (see Fig. 3 later on), were 
evidenced. The two regimes are separated by a crossover 
temperature rp—130 K where an anomaly, possibly related 
to structural distortions,6 is observed. These distortions could 
be relevant to the dimerization of Cu(l)02 chains since they 
modify the Cu(l)-0-Cu(l) bonding angle and the corre- 
sponding superexchange coupling.7 

The temperature dependence of the susceptibility is 
dominantly contributed from Cu(l)2+ spins and is similar to 
the one expected for the case of spin dimerization with an 
activation energy around 140 K as explained below.5 

Cu(2)2+ spins in the ladder are strongly coupled by forming 
a spin singlet state and their contribution is rather small, 
although not negligible for 7^200 K. The total spin suscep- 
tibility is x=(10/24)xD+(14/24)xt, with XD the suscepti- 
bility of the dimerized Cu(l)02 chains and XL that of the 
ladder. The coefficient in front of each term gives the relative 
occupation of Cu(l)2+ and Cu(2)2+ spins per formula unit. 
XD,L 

can he written in the form 

XD,L = 
NAg

2ti ZDAT,AD,) 

kBT     l+3zD,L(TAD,L)' 
(1) 

For a chain of noninteracting dimers one has zD = exp 
(-AD/T), while for a 2-leg-ladder in the isotropic limit (7y 
= JX=J=2AL, 7|| being the superexchange coupling along 
the chains and J± in the rungs) and for J>T, one has 
zL~0AylT/2AL exp(-AL/r).

9 From a quantitative analysis 
of the susceptibility data at low temperatures (T*£200 K), it 
turned out that only 35% of Cu(l)2+ spins per formula unit 
contributes to the susceptibility. As first suggested by Carter 
et al.10 this reduction should be associated to the possible 
formation of Zhang-Rice (ZR)11 singlets between the extra- 
holes intrinsically present in this compound and the Cu(l)2 + 

spins in the chains. If one considers that there are nh of these 
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FIG. 1. Temperature dependence of the DC susceptibility for the x=0 
(squares) and x = 2 (triangles) samples. A low-temperature Curie-Weiss 
contribution xcw=C/(T-0) has been subtracted from the raw data, with 
C(x=0) = 0.015emuK/mol Cu2+, C(x = 0.02) = 0.0167 emu K/mol Cu2+, 
©(x = 0) = -1.23K and ©(x = 0.02) = -1.14K. The solid lines give the 
best fit according to Eqs. (1) and (2) over all the temperature range. 

localized holes in the chain, per formula unit, the DC sus- 
ceptibility should be reduced by a factor (10-nh)/l0. Then 
one has 

\0-nh 

24 

14 
XD+^XL- (2) 

By fitting the low-temperature (for T<130K \L is negli- 
gible) data with just the first term of Eq. (2) one can derive 
nh and AD. One finds AD—140 K and weakly sample de- 
pendent, while the number of localized holes in the chain 
increases from nh — 6.4 to nh—l on increasing x. Keeping 
these two parameters fixed one can estimate AL from the fit 
of the data over all the temperature range with Eqs. (1) and 
(2) (see Fig. 1). One finds AL=500K for x = 0, while AL 

—420 K for x=2. The value for nh derived for the pure 
compound is in good agreement with the value nh = 6 that 
one would expect on the basis of considerations on the oxy- 
gen stoichiometry. From the same considerations, for x = 2 
one would expect a stronger increase of nh. The fact that 
only a slight increase is observed suggests that part of the 
holes start to be doped into the Cu(2)203 ladders, causing the 
observed decrease in AL. 

Now we turn to the discussion of the NMR measure- 
ments. The temperature dependence of 23Na 1/7^ for H\\b is 
shown in Fig. 2(b). One observes an increase on decreasing 
temperature and then a sharp activated decrease at low tem- 
peratures. The low-temperature dependence is characterized 
by an activation energy AD—130K, very close to the one 
derived from susceptibility measurements, implying that 
23Na nuclei below —130 K probe essentially Cu(l)2+ spin 
dynamics. Only at high temperatures the contribution from 
Cu(2)2+ spin fluctuations to the relaxation can be observed, 
causing a smooth increase in 23Na l/Ty. On the other hand, 
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FIG. 2. (a) Temperature dependence of 63Cu(2) 1/T, for the x = 2 oriented 
powder sample in the magnetic field #=5.9 T along the b axis. The solid 
line describes the high-temperature activated behavior, (b) Temperature de- 
pendence of 23Na \ITx for the same sample in a magnetic field //=5.9T 
along the b axis. The solid line shows the activated behavior for AD 

= 130 K. 

this is the dominant contribution to 63Cu(2) relaxation at 
high temperatures, where an activated trend [see Fig. 2(a)], 
characterized by activation energies decreasing with doping 
from around 650 to —500 K, is observed. We remark that 
these values are higher by a factor —1.4 than the ones de- 
rived from DC susceptibility measurements, a situation simi- 
lar to the one found in other 2-leg-ladders,12 but not in all of 
them.13 Around 90 K a bump in 63Cu(2) \ITX superimposed 
to the activated behavior is obviously seen. This extra con- 
tribution is strongly field dependent and possibly related to 
the slowing down of the fluctuations associated to the diffu- 
sive motions of the holes.14 

In 5=1/2 2-leg-ladders and dimerized chains, at low 
temperatures and low magnetic fields (g(jLBH/kB<T 
<^AD L), only the low part of the triplet magnon branch is 
occupied. Then15 the nuclear relaxation is driven by indirect 
q — 0 processes involving triplet excitations, its temperature 
dependence is related to the population of these excitations 
and one finds that HT^expi-A/T). For T>ADL \ITX 

reaches asymptotically a constant value related to Heisen- 
berg exchange frequency. This is indeed the behavior ob- 
served for 63Cu(2) in the S= 1/2 AF 2-leg-ladder7 and in S 
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S = l/2 dimerized chains,16 however, it is not the one ob- 
served for 23Na l/Ti in Sr^-^Na^Cu^O« which between 
these two regimes shows a broad maximum. The origin of 
this maximum is still unclear and a systematic study of the 
field dependence of 23Na \IT\ is required to understand 
whether it has a dynamical origin or if it is due to a modifi- 
cation in the hyperfine coupling constants on cooling, related 
to the occurrence of lattice distortions. 

III. SUMMARIZING REMARKS AND CONCLUSIONS 

We have presented a series of NMR and susceptibility 
measurements aiming at clarifying the modifications 
of the spin dynamics in Cu(l)02 chains and in Cu(2)203 

ladders as a function of temperature and doping. The mag- 
netic properties in the chains are essentially the ones ex- 
pected for weakly interacting dimers. In fact, the analysis of 
the susceptibility supports the presence of a rather small 
number of spins which dimerize while the other Cu(l)2+ 

spins form ZR singlets with localized holes. The presence of 
this isolated dimers separated by ZR singlets could also ex- 
plain the presence of neutron scattering peaks at wave vec- 
tors around 1/4-1/6 reciprocal lattice units.17 The amplitude 
of the dimerization gap was estimated AD—140K either 
from DC susceptibility or 23Na \ITX data and was found not 
to vary with doping (see Fig. 3), suggesting that the dimers 
are weakly interacting, thus supporting our analysis of the 
DC susceptibility. The structural distortions evidenced in 
NQR spectra7 and resistivity measurements are believed to 
modify the superexchange coupling along the chains. 

As for the Cu(2)203 2-leg-ladders we observe that the 
amplitude of the gap AL, derived both from DC susceptibil- 
ity and l/Tl measurements decreases with increasing doping 

(Fig. 3). This behavior is analogous to that of the activation 
barrier Ea measured through resistivity (Fig. 3) and evi- 
dences a frustration of the AF correlations on increasing the 
hole itineracy, analogous to the one observed in under- 
doped HTeSC. It is interesting to point out that the initial 
suppression rate for the gap s= —dLJdx is higher for Na- 
doped (5—70 K/Na+ ion) than for Ca-doped samples (s~45 
K/Ca2+ ion),18'19 as expected for the heterovalent nature of 
the Sr2+ for Na+ substitution. On the other hand, we remark 
that the amplitude of the gap derived from \IT{ and DC 
susceptibility differs by a factor ~ 1.4. Sachdev and Damle,20 

on the basis of a semiclassical model for the spin excitations 
in quasi-lD systems with a gap, which should be valid for 
T< A, found that the gaps probed by 1/T, and x differ by a 
factor of 1.5, very close to what is experimentally measured. 
However, one should notice that in other quasi-ID gapped 
quantum antiferromagnets (dimerized chains or in other lad- 
der compounds with 71>/|]3), where this model should still 
apply, the gap derived from susceptibility and l/Tl is the 
same. A possible origin of the discrepancy is that excitations 
around q~ir, involving 3-magnons,15 can become more im- 
portant for J\\>J±. In that case the continuum of spin exci- 
tations moves to lower energies and there is a higher density 
of states with energies 2AL which are involved in the 3- 
magnon processes. Then one should have an extra contribu- 
tion of the form (l/r1)(3)o:exp(-2AL/r). An agreement with 
the susceptibility measurements can be found in this case 
provided the amplitude of 3-magnon terms is six times larger 
than that of 2-magnon processes. The fact that the disagree- 
ment in the estimate of AL is absent for Jx>J% suggests that 
the origin of the discrepancy is inherent to the form of the 
magnon dispersion curve. 
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Hole-doping effects in Haldane chain have been studied by means of magnetic susceptibility and 
89Y nuclear magnetic resonance in Y2_xCa^BaNi05 for x=0, x = 0.06 and x = 0.18. In nominally 
pure YBNO detailed information on this prototype of Haldane systems is extracted. In the 
charge-doped compounds the 89Y relaxation rates indicate that holes induce low-energy excitations 
with an effective spectral density having a structure characterized by a narrow central peak. 
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I. INTRODUCTION 

The compound Y2BaNi05 (YBNO) is characterized by 
the presence of weakly coupled chains of strongly interacting 
Ni2+ (5=1) ions.1 The ratio of interchain/intrachain cou- 
pling (|/7./|)s=5Xl<r4,2,3 indicates that YBNO can be 
considered a good realization of S = 1 one-dimensional 
Heisenberg antiferromagnet (1D-HAF). The magnetic prop- 
erties of YBNO are well described by the Hamiltonian 

H = J*2 SrSi+l + Dj, (S*)2 + E^ [(5?)2-(^)2] 
i i i 

(D 
with 7=285 K, D=-8 K, and E=3 K.23 

YBNO has triggered a great deal of interest, since the 
relatively high gap (A« 100 K) and the small values of the 
anisotropy terms D and E allow one to study the Haldane4 

ground state in a wide temperature range. Furthermore, the 
heterovalent substitutions of Ca2+ for Y3+ introduce holes 
mainly residing in the Ni-0 chains5 and induce relevant 
modifications in the magnetic properties of this prototype of 
1D-HAF. The possible itinerancy of the holes can induce 
novel features in the spin liquid state, with low-energy exci- 
tations lying into the gap.5'6 

Here we present magnetic susceptibility ^, 89Y shift K, 
Tj, and T2 measurements in Y2_.cCa;cBaNi05. 

II. EXPERIMENTALS AND EXPERIMENTAL RESULTS 

Solid state reaction has been used to obtain 
Y2-^CaJ.BaNi05 in the compositions: x = 0, x = 0.06, x 
= 0.18. X-ray diffraction indicated a single-phase compound 
and was used also to estimate the real amount of doping. The 
susceptibility measurements have been performed by SQUID 
magnetometer, in field cooled and zero field cooled condi- 
tions. No appreciable difference between the two cases have 
been detected, in the temperature range 3-250 K. The mag- 

netization curves appear linear, in all samples, up to H0 

= 0.5 T. The experimental data of x=M/H0 are reported in 
Fig. 1 after subtraction of a core-diamagnetic term Xd 
= 1.28X10~4 emu/mole. 

Standard pulse NMR techniques have been used to ob- 
tain 89Y spectra and relaxation times in external magnetic 
fields ff0 = 5.9 T and tf0 = 9.4 T. In pure YBNO, as already 
noticed,7 the spectrum results from the powder distribution 
of an hyperfine field h of cylindrical symmetry. Due to the 
orthorombic symmetry at the Yttrium site, this cylindrical 
symmetry has to be related to a compensation with the an- 
isotropy in the single ion susceptibility.8 A shift parameter 
K= \K\\+\KL can then be defined (II and _L to the x-chain 
axis). The powder distribution of the dipolar part of h is 
responsible of the structure of the NMR line, centered at the 
frequency v= yH0(l+K). In Y2_^.CaJ.BaNi05 the homoge- 
neous broadening of the line prevents the same type of 
analysis of the spectra. Then K has been obtained from the 
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FIG. 1. Magnetic susceptibility x in Y2-ArCaiBaNi05 as a function of tem- 
perature. In the inset the behavior of x m Pure YBNO after subtraction of 
the Curie-Weiss term is shown. The solid line is the best fit of the data 
according to Eq. (2) in the temperature range T=s 100 K, where it is ex- 
pected to hold. 
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T(K) T(K) 

FIG. 2. Shift K of the 89Y NMR line (with respect to a solution of YC13) in 
pure YBNO, for two values of the external magnetic field H0 [part (a)]. In 
part (b) the shift for the Ca-doped compounds are reported (no field depen- 
dence was noted). The solid lines are the best fit behaviors, for T=£ 150 K, 
according to the function K(T) = K(Q) + (Bl^f)e ~A"'T. The lack of ex- 
perimental data for 30 Ks r«s 80 K in (b) corresponds to the disappearing of 
the echo signal due to the divergence in 77'. 

position of the maximum in the resonance peak (»fj. In 
Fig. 2 the temperature behaviors of K are reported, for dif- 
ferent values of the external field, in pure and doped YBNO. 

The recovery of the nuclear 89Y magnetization Mz(t) in 
the doped compounds has a stretched-exponential form, par- 
ticularly at low temperatures (7>S250 K). Therefore all the 
recovery plots have been fitted by the law Mz(t) 
= Mz(0)exp[-(t/T0ß] (see Fig. 3). 

The decay of the 89Y echo signal has a gaussian behav- 
ior, for T&250K. Instead, in the latter case and for T 
^ 150 K, the decay of the echo turns to an exponential form, 
with a tendency to become stretched. In Fig. 4 the values of 
the spin decay rates are reported. 
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FIG. 3. 89Y spin-lattice relaxation rates as a function of temperature in 
Y2_ICaiBaNi05. The values of ß in the stretched exponential are /3= 1 for 
x = 0, while in the doped compounds ß is close to 1 in the high temperature 
range and becomes /?=0.8 for 7"<200 K. In the inset the semilogarithmic 
plot of 77' as a function of 1000/T is shown. The dotted lines are the best 
fit of the data according to a gapped behavior, with ATi = 250 K. The solid 
line is the best fit according to the model discussed in the text for the 
extracontribution due to Ca doping. 
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FIG. 4. 89Y spin-spin relaxation rates in Y2_JtCa,BaNi05. The dotted line 
represents the theoretical behavior for Ij"1 derived from the single- 
Lorentzian spectral density of the excitations which describes the doping- 
related extracontribution to 77' (see Fig. 3). 

III. ANALYSIS OF THE RESULTS AND CONCLUSIONS 

The behavior of \ m nominally pure YBNO is typical of 
5=1 HAFs containing a small percent of magnetic impuri- 
ties, most likely are due to oxygen nonstoichiometry.8 One 
can try to account for the experimental  results,  for T 
< 100 K, by means of the expression 9,10 

X(T) = X(0) + 
c 

T-® +^W. v^ (2) 

x(0) takes into account the possible orbital contribution (Van 
Vleck paramagnetism) and/or the one related to the anisot- 
ropy in the magnetic Hamiltonian.9'11 Furthermore, in Eq. (2) 
we have added a Curie-Weiss term to describe the effects of 
paramagnetic impurities, dominant at low temperatures 
(T<20 K). By fitting the data (Fig. 1) with Eq. (2), one 
derive x(0)=4.5X10"4 emu/mole, C = 1.56X10"2 emu K/ 
mole, 0=0.5 K, A = 1.2X10"2 emu K/mole, and A^=92 K. 
From the value of C, for s = l/2 defects (as it is the case 
either for 0~ or Ni3+ in the low-spin state) one can estimate 
a concentration of 3 X 10~2 impurities for Ni ion. 

After subtraction of the Curie contribution (inset in Fig. 
1), x(T) shows the behavior described by the third term in 
Eq. (2). The value of A^ is not far from the separation be- 
tween the singlet ground state and the first excited magnetic 
state, obtained by neutron scattering ANS=102K.2'3 It 
should be noted that A^, as well as ANS, are smaller than 
the gap theoretically expected (ATh«117K) if one uses J 
= 285 K (Ref. 12) and sets ATh~0.4105 J, as suggested by 
numerical techniques9,10 for Heisenberg Hamiltonian 
[D = E = 0 in Eq. (1)]. On the other hand, the presence of 
easy-axis anisotropy (namely, D<0) increases the energy 
separation between the ground state and the first excited 
magnetic state. If one assumes for the prefactor A in the third 
term of Eq. (2) the expression derived in the free boson 
approach,9 i.e., ATh=2(g/u.B)2/v \[2TT and a spin wave veloc- 
ity u=2.49 J, then ATh«1.8Xl0""2 emu VK/mole, again 
larger than the experimental result. 
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TABLE I. Curie constants and temperatures extracted from the best fit of 
the data in Fig. 1. n is the number of magnetic impurities for Ni ion deduced 
from C. 

C (emu K/mole) >(k) 

0 
0.06 
0.18 

1.56X10"2 

1X10"1 

1.6X10-' 

-0.5 
-6.5 
-9.1 

3X10-2 

2X10-1 

3X10-1 

Since the Curie-like term in Eq. (2) does not contribute 
to the 89Y NMR shift, one can confidently use the data for K 
to derive reliable information on the gap-related term. The 
best fit of the data for 7=£ 150 K [solid line in Fig. 2(a)] 
yields AK= 102± 5 K, in agreement with ANS. The measure- 
ments of K are particularly useful in the doped samples, 
where the increase in the Curie term prevents reliable esti- 
mates of A and A from bulk susceptibility. From the data in 
Fig. 2(b) one derives Ax=98± 10 K for x = 0.06 (the large 
error is due to the lack of data for 30 K=£ T=s 80 K, see cap- 
tion). The susceptibility measurements can be used to derive 
the x dependence of C and 6 [Eq. (2)]. By assuming that A 
and A^ do not change dramatically with doping (as indicated 
by K), reliable fittings of x below 100 K yield the results 
reported in Table I. It is noted that for x = 0.06 the value for 
the number n of s= 1/2 paramagnetic sites for Ni ion, is 
compatible with the model of three paramagnetic moments 
for each heterovalent substitution.13 The departure for x 
= 0.18 is an obvious consequence of the breakdown of the 
assumption of dilute magnetic moments. 

The relaxation rates in pure YBNO, down 
to T=40K, are well fitted by a law of the form T^1 

« (-A/T) (Fig. 3, inset) typical of gapped systems. One 
derives a field-independent gap Ar =250 K, of the order of 
the one expected for a dominant contribution to the relax- 
ation involving staggered process.14 

In doped compounds an extra contribution to the relax- 
ation rate is observed in the temperature range 50-250 K, 
yielding a broad maximum in T\l for r^l50K (Fig. 3). 
The occurrence of novel spin excitations upon heterovalent 
substitutions is more evident in the divergence of the spin- 
spin relaxation rate T^1 (Fig. 4). In the following we quali- 
tatively discuss these features in the 89Y relaxation, by refer- 
ring to a simple model of fluctuating effective field he(t) at 
the Y site, that we attribute to extra magnetic moments in- 
duced by the hole along the chain. Then 

1 

\ 
e-ia^{he

±{0)he
±{t))dt, 

1 

T2 

1 

IT 
j {he

z(0)he
z(t))dt. 

(3a) 

(3b) 

If one tentatively assumes for the components of he(t) an 
exponential correlation function, with an effective correla- 

tion time Te of the form T0 exp[E/T], then the T{ data in 
doped compounds, in the temperature range 50=s T=s 250 K, 
can be approximately fitted with T0=3X10~

10
S and E 

= 580 K (solid line in Fig. 3). It is interesting to observe that 
the holes contribution to T\l seems to be only little depen- 
dent on x for x 3= 0.06. From the maximum in T±l at Tm 

one can estimate 
30 G, about 30% of 

= 150K, that occurs when Te=o)L
l. 

(\he\2) at the Y site. One has ^J(\he\2)^ 
the intrinsic linewidth. 

One can try to discuss the temperature dependence 
of T2 (Fig. 4) by assuming (\he

z\
2)~(\h±\2) and for 

j{he
z(0)he

z(t))dt the same correlation time re used for T,. 
As it appears in Fig. 4 the behavior of T2 

1 is far from being 
fitted by this theoretical prediction. The discrepancy indi- 
cates that the spectral density of the spin excitations in the 
doped compounds cannot be taken of the form J(o)) 
= 2Te/(l + o)2T1). The results for T2 point out that /(o>) is 
structured, with a central peak centered at w^0, superim- 
posed on the diffusive contribution of width T~ 

1. This is a 
typical feature of systems characterized by nonlinear dynam- 
ics, e.g., in strongly anharmonic double-well potential, as 
widely discussed at structural phase transitions.15 In some 
cases the width of the correspondent central peak can be 
written16 in terms of the static correlation length and of an 
average velocity of propagation of solitonlike excitations. 
Then a divergence in T^1 can be expected, while Ti is con- 
trolled by the regular diffusive component of the spin dy- 
namics. 
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Magnetic hysteresis and intergrain exchange coupling in nanostructured PrCo:Co composite films 
have been investigated. The composite thin films were made by multilayer sputtering and 
subsequent annealing. It is found that the coercivity mechanism is related to film morphology, 
especially the Co phase fraction. Evidence for the hard-soft-phase exchange coupling has been 
found and high energy products have been obtained. © 1998 American Institute of Physics. 
[S0021-8979(98)26011-7] 

I. INTRODUCTION 

Theoretical calculations have predicted giant energy 
products in exchange-coupled nanostructured hard-soft- 
phase composites.1'2 However, it is difficult to obtain an 
ideal nanostructure experimentally. Grain growth during heat 
treatment and distribution of the second phases cannot be 
controlled and tailored easily. In addition, it is found that 
coercivity usually decreases dramatically as the soft phase is 
added. Among various methods of making nanostructured 
composites, physical vapor deposition has advantages in 
controlling grain size and distribution of second phase. We 
have obtained clear evidence of intergrain exchange coupling 
and remanence enhancement in SmCo/Co multilayer3 and 
FePt-based nanocomposites.4'5 In a recent investigation,6 we 
have successfully inserted the soft Co phase into the hard 
hexagonal PrCo phase thin films to enhance the remanent 
magnetizations without losing coercivity within a certain 
thickness of the Co layers. However, the domain structure 
remained unclear and direct evidence of exchange coupling 
was not found. In this investigation we study the grain mor- 
phology, domain structure, coercivity mechanism, and 
exchange-coupling behavior in the PrCo:Co nanocomposite 
films (In this article we use notation PrCo/Co to represent the 
as-deposited multilayers and PrCo:Co the composites after 
annealing.) 

II. EXPERIMENT 

The PrCo/Co multilayer thin films with Cr underlayer 
and cover layer were prepared with a multiple-gun dc- and 
rf-sputtering system by depositing the targets onto glass or 
silicon substrates. The PrCo target was made by compressing 
Co and Pr powders with the atomic ratio 7:2 and sintering at 
1050 °C for 1 h. Flowing high-purity argon gas was used for 
sputtering and the pressures were varied from 5 to 20 mTorr. 
The sputtering parameters in this investigation (including the 

argon pressure, the power rates of sputtering targets, and the 
distance between the targets and the substrates) were chosen 
to produce films with maximum coercivity. The thickness of 
each film was calculated by measuring the mass gain upon 
deposition. The as-deposited films were then heat treated in a 
furnace with vacuum 6X10-7 Torr at temperatures up to 
500 °C. 

Magnetization loops were measured by an alternating 
gradient force magnetometer and a superconducting quantum 
interference device (SQUID) magnetometer. Magnetic force 

"'Electronic mail: cmra@unlinfo.unl.edu 
b,Also at: Behlen Laboratory of Physics. 
c)Also at: Department of Mechanical Engineering. 

FIG. 1. The AFM (a) and MFM (b) images of a (PrCo30nm/Coll nm) 
X 10 sample with heat treatment at 500 °C. 
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FIG. 2. Hysteresis loops of the heat treated multilyers with structure 
(PrCo30 nm/Co nm) X 10. In a, x = 11 nm, in b, x = 10 nm, c, x = 8 nm, and 
in d, x = 5 nm. The magnetization was measured with the field in the film 
plane. 

microscopy (MFM) and atomic force microscopy (AFM) 
were used to observe the domain structures and the surface 
morphology. More details about the crystal structure and an- 
isotropy of the films are given in Ref. 6. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the AFM image of nanostructured 
PrCo:Co grain morphology (a) and the MFM image of the 
domain pattern (b). It can be seen that the average size of a 
domain is about ten times larger than an average grain size 
(about 20 nm, consistent with our early TEM observation),6 

indicating that in one domain, many grains are included. As 
discussed in our previous study,6 the PrCo:Co composite 
consists of the PrCo grains with a disordered hexagonal 

FIG. 3. EDX spectra of a heat treated PrCo:Co film, (a) from the matrix 
grain and (b) from the second phase grain. 

structure and elemental Co with the hexagonal close-packed 
structure. It is important to note that Co grains have much 
smaller grain size than the PrCo grains because the Co layers 
are much thinner than the PrCo layers when the multilayers 
were sputtered. The grain size we observe in Fig. 1 is basi- 
cally for the matrix PrCo grains. According to theoretical 
calculation, for effective intergrain exchange coupling the 
dimension of the soft phase should not be bigger than twice 
that of the domain-wall thickness of the hard phase. In rare- 
earth transition-metal compounds, the typical thickness of 
domain walls is 3-5 nm. Therefore if the grain size of the 
soft phase is less than 10 nm, effective intergrain exchange 
coupling should exist. The grain size of Co phase in the 
annealed samples can be controlled by controlling the Co 
layer thickness in the multilayers. This has been demon- 
strated in our previous experiments.6 The critical point is 
how to deal with the trade-off between coercivity and rema- 
nent magnetization as the amount of soft phase is increased. 
To optimize the energy product the effect of the soft phase 
on coercivity must be investigated. 

Figure 2 shows the initial magnetization curves and the 
hysteresis loops of a group of samples with decreasing Co 
layer thicknesses from sample a to sample d. It is interesting 
to see the change of the initial magnetization curves. For 
sample a with multilayer structure (PrCo30 nm/Co 11 nm) 
X10, the initial curve is similar to that expected in a 
nucleation-type mechanism of coercivity; whereas for 
sample d with multilayer structure (PrCo30 nm/Co5 nm) 
X 10, the initial curve is typical for wall-pinning controlled 
reversal. However, in case of nanoscale morphology, one 
may have to consider interaction domains,7'8 because simple 
nucleation and pinning models might not adequate for de- 
scribing the coercivity mechanism. A study of the details of 
coercivity mechanism is underway and will be reported later. 
One point clearly seen from Fig. 2 is that the increase in 
thickness of the soft Co layers, therefore the Co phase frac- 
tion in the annealed samples has changed the magnetization- 
reversal process. 

It is also seen from Fig. 2 that with increasing concen- 
tration of Co phase, squareness of the loops become smaller 
and so does the coercivity. The change in the squareness is 
associated with a change in the film's morphology and the 
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an annealed sample (PrCo30 nm/Co8 nm) X10. 

the remanent magnetization curve Mr{H) (also called as dc- 
demagnetization curve) and the demagnetizing curve M(H) 
(the part in the second quadrant of the hysteresis loop) of a 
heat-treated sample. The flatness of the upper curve is 
equivalent to the behavior Kneller and Hawig1 demonstrated 
for the exchange-spring magnets. 

With the understanding of morphology and properties of 
the PrCo/Co composite films discussed above, we have been 
able to optimize the sputtering and the heat-treatment pro- 
cesses. We added up to 25% Co into the composite which 
leads to enhanced remanent magnetization without losing co- 
ercivity significantly. By a carefully controlled processing, 
we have succeeded in obtaining films with coercivity as high 
as 20 kOe and maximum energy products as high as 25 
MGOe at room temperature. 

coercivity mechanism. It has been found in our experiment 
that the squareness and the coercivity is also strongly depen- 
dent on heat treatment. In the as-deposited films, the PrCo 
layer is amorphous which is magnetically soft. Heat treat- 
ment produces the magnetically hard hexagonal phase and 
the coercivity reaches its maximum at heat treatment tem- 
perature of 500 °C for a half-hour annealing. In order to 
minimize grain growth during the heat treatment, rapid ther- 
mal processing has been adopted in this investigation with 
heating rates up to 100 °C/s. It is found that a two-step treat- 
ment is better than a single-step treatment in obtaining 
greater squareness and coercivity. 

Another important feature observed from Fig. 2 is that in 
all the cases, the ratio of remanence Mr to saturation 
Ms(Mr/Ms) is larger than 0.5. This is an indication that 
there is intergrain exchange interactions between the grains, 
as discussed in Ref. 6. To verify that the exchange coupling 
takes place between the soft phase and the hard phase, we 
checked the nanostructure by TEM with energy dispersive 
x-ray (EDX) spectroscopy and by measuring remanence 
curve to see the exchange-spring behavior. Figure 3 shows 
the EDX spectra measured in a film in two adjacent grains. 
One is the matrix grain (a) and another is the soft-phase grain 
(b). Except for Cr peaks which are from the cover layer and 
bottom layer and a trace of Si and C which may be from the 
substrate and the contamination during the specimen prepa- 
ration, in (a) we detected Co and Pr elements, and in (b) we 
only detected Co. This shows clearly that there are two 
phases, the hard PrCo phase and soft Co phase existing in the 
composite. No third phase has been found. Figure 4 shows 

IV. CONCLUSION 

Magnetization behavior of PrCo:Co composite films has 
been studied including the initial curves and hysteresis loops. 
The results show that increasing the amount of soft phase 
appears to change the coercivity mechanism from wall- 
pinning-like to nucleation-like. It is also found that the coer- 
cive force and the shape of the loops are very sensitive to 
heat treatment. Compared with any single-step treatment, a 
combination of two or more steps in the heat treatment can 
raise coercivity markedly and improve the squareness of the 
loops. Optimizing the heat treatment and composite nano- 
structure leads to high energy products. 
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Nanostructured NdFeB films processed by rapid thermal annealing 
M. Yu,a)'b) Y. Liu,c) S. H. Liou,a> and DJ. Sellmyer0 

Center for Materials Research and Analysis, University of Nebraska, Lincoln, Nebraska 68588-0113 

Nanostructured NdFeB films were prepared by magnetron sputtering followed by rapid thermal 
annealing at a ramp rate of 200 °C/s. Isotropically oriented Nd2Fe14B crystallites were formed in the 
films and coercivities up to 20 kOe and remanence ratios up to 0.8 were obtained. Transmission 
electron microscopy analysis shows that the majority phase of the magnetic layer in the high 
coercivity films consists of Nd2Fe14B nanocrystallites with an average size of about 50 nm. These 
nanocrystallites are believed to be single-domain particles, which are responsible for the high 
coercivities. MFM measurements show that the domain size is about 500 nm. It is thus indicated that 
the 50 nm Nd2Fe14B nanocrystallites are strongly exchange-coupled into the 500 nm domains and 
the high remanence ratio originates from this exchange coupling. © 1998 American Institute of 
Physics. [S0021-8979(98)44111-2] 

I. INTRODUCTION 

Since the discovery of Nd2Fe14B in 1984,1"3 numerous 
studies on NdFeB-based materials have been conducted to 
obtain a better understanding of their excellent intrinsic 
properties and develop better fabrication processes for per- 
manent magnets.4 Most of this research was on bulk NdFeB 
materials and relatively only a little work has been done on 
thin film NdFeB materials.5-13 With the rapid development 
of micromechanical devices, microelectronics, and integrated 
magnetoelectronic devices, applications of permanent mag- 
net films are becoming more significant. Furthermore, better 
knowledge of NdFeB films also can help one to understand 
the exchange coupling in nanostructured magnetic materials 
because films thickness and grain sizes can be controlled to 
some extent to test some recent theoretical calculations.14'15 

In this article we report our systematic study of the mag- 
netic properties of nanostructured NdFeB films prepared 
from amorphous state by rapid thermal annealing (RTA). 
RTA features a very high ramp rate (200 °C/s) and thus is 
able to anneal films for a very short effective annealing time 
(tens of seconds), which is essential in forming isotropic 
nanostructured NdFeB films with high coercivities (Hc) and 
high remanence ratios (Mr/Ms). 

II. EXPERIMENTAL METHODS 

All NdFeB films were deposited directly onto water- 
cooled 7059 glass substrates at room temperature by dc mag- 
netron sputtering with base pressure of better than 3 
X 10-7 Torr and Ar pressure of 10 mTorr. The NdFeB layer 
has a thickness of 500 nm and is protected by a 40 nm Cr 
overcoat. The Nd15Fe77B8 target was provided by Electron 
Energy Company and some Nd chips were added to adjust 
the Nd concentration. The composition of the films is 
Nd30Fe63B7, which was estimated by the area ratio of Nd 
chips and the target and verified by energy-dispersive x-ray 
measurements. The as-deposited films were all processed by 

RTA technique (unless specified otherwise) in flowing Ar 
with a ramp rate of 200 °C/s. The structure and microstruc- 
ture were characterized by x-ray diffraction (XRD) and 
transmission electron microscopy (TEM) measurements. The 
magnetic properties at room temperature were determined by 
a SQUID magnetometer and the magnetic domain size was 
estimated by MFM measurements. 

III. RESULTS AND DISCUSSION 

The XRD pattern of an as-deposited NdFeB film is 
shown in Fig. 1. Magnetic measurements showed that the 
as-deposited films are magnetically soft. It is thus indicated 
as expected that the as-deposited films are amorphous except 
for the presence of a little a-Fe. Figure 1 also shows the 
XRD pattern of the NdFeB film annealed at 500 °C for 60 s. 
Nd2Fe14B crystallites were formed and they were found to be 
isotropically oriented in the annealed film, as indicated by 
the peaks in Fig. 1. In fact all properly annealed films (i.e., 
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FIG. 1. X-ray diffraction patterns of as-deposited and annealed (500 °C, 60 
s) NdFeB films. The standard diffraction patterns of ar-Fe and Nd2Fe14B 
phases are also shown for comparison. 
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FIG. 2. TEM picture of a NdFeB film annealed at 500 °C for 60 s. 

those with He>5kOe) consist of isotropically oriented 
Nd2Fe14B crystallites, as confirmed by both XRD and mag- 
netic measurements (see later discussion). 

The XRD pattern of the annealed NdFeB film has peaks 
other than those of Nd2Fe14B. They can all be indexed to 
Nd203 and NdO phases. The oxygen was mainly introduced 
in the RTA process which in our case can be done only in 
flowing Ar. 

The formation of the Nd2Fe14B phase is only one neces- 
sary condition to have high Hc and M,./Ms in NdFeB films. 
The other is that appropriate microstructure must be devel- 
oped. Figure 2 is the bright field TEM picture of the NdFeB 
film annealed at 500 °C for 60 s. Electron diffraction analysis 
indicates that the grains shown in Fig. 2 are Nd2Fe14B crys- 
tallites. The size of these crystallites is about 50 nm. This 
means that these nanocrystallites are single-domain particles 
because  the  critical   single-domain  particle   diameter  of 
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FIG. 4. (a) Hc, (b) Ms, and (c) Mr IMS of NdFeB films annealed at 550 °C 
for various times with ramp rates of 200 and 1 °C/s. 

Nd2Fe14B is about 300 nm.4 The composition of the film 
indicates that there should be a thin Nd-rich layer between 
the nanocrystalline Nd2Fe14B particles, although it cannot 
been seen due to limited resolution. The high ramp rate may 
also introduce some defects other than the Nd-rich layer. 

With the change of structure and microstructure in Nd- 
FeB films, the magnetic properties are also changed com- 
pletely after annealing. Figure 3(d) shows the parallel and 
perpendicular hysteresis loops of the NdFeB film annealed at 
500 °C for 60 s. The large Hc (~ 16 kOe) and the similarity 
of the two loops also indicate the formation of isotropically 
oriented Nd2Fe14B nanocrystallites in a Nd-Fe-B system. In 
addition to the formation of the Nd2Fe14B phase, the micro- 
structure (the 50 nm nanocrystallites and the associated de- 
fects) also plays an important role in developing high Hc. 

Annealing temperature (Ta) and time (ta) can strongly 
affect the magnetic properties. Figure 3 shows the hysteresis 
loops of the NdFeB films annealed for 60 s at various Ta. 
We observed that no Hc can be developed if T„<500 °C. 
After Ta reaches 500 °C, Hc is developed but decreases and 
the saturation magnetization Ms changes slightly as Ta in- 
creases. If ra>650 °C, Hc decreases sharply with a moder- 
ate increase of Ms. These results have the following impli- 
cations. First, the crystallization of Nd2Fel4B can occur only 
when rfls=500 °C, which is less than 627 °C, the crystalli- 
zation temperature of Nd2Fe14B.4 This is reasonable because 
the crystallization temperature decreases when Nd concentra- 
tion increases.16 Second, when Ta>500 °C, presumably the 
Nd2Fe14B nanocrystallites grow and the defects are reduced. 
This is the most probable reason for the decrease of Hc with 
the increase of Ta. Finally when 7^650 °C, most Nd is 
oxidized and a-Fe is left as the main magnetic phase, caus- 
ing the sharp decrease of Hc and the increase of Ms. 

Another batch of NdFeB films was annealed at 550 °C 
for various ta and the resulting Hc, Ms, and MrIMs are 
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FIG. 5. MFM image of a thermally demagnetized NdFeB film annealed at 
500 °C for 60 s. The CoCr MFM tip was magnetized parallel to the sample 
surface. 

plotted in Fig. 4. It is noted that ta has a strong effect on Hc 

but a weak one on Ms. Short ta is critical to obtain high Hc, 
but ta< 10 s is too short to achieve the proper crystallization 
of Nd2Fe14B for high Hc. When Tfl>500 °C, longer ta has 
essentially the same effect as higher Ta on the microstruc- 
ture, i.e., the Nd2Fe14B nanocrystallites grow and the defects 
are reduced. In turn Hc decreases and Ms changes slightly as 
ta increases. The general effects of Ta and ta on Hc are in 
agreement with the results obtained in melt-spun NdFeB 
materials.16 

For comparison we also annealed the as-deposited films 
at 550 °C in a conventional oven with a ramp rate of 1 °C/s. 
The resulting Hc, Ms, and MrIMs are also shown in Fig. 4. 
Because of the low ramp rate, the total effective annealing 
time of the conventional oven is longer than that of RTA for 
the same ta . Thus the Hc obtained by the conventional oven 
is smaller than that obtained by RTA. This result clearly 
demonstrates the importance of high ramp rate when very 
short annealing time is needed. 

We have shown that the Nd2Fe14B nanocrystallites are 
isotropically oriented in the annealed films. According to 
Stoner-Wohlfarth theory17 such a system should have a 
MrIMs of 0.5 if there is no interaction among the Nd2Fe14B 
nanocrystallites. But Fig. 4(c) shows that these isotropic Nd- 
FeB films have Mr/Ms>0.8. The high MrIMs must come 
from the strong exchange coupling among the Nd2Fe14B 
nanocrystallites. This phenomenon was observed in melt- 
spun isotropic NdFeB materials18 and predicted in theoretical 

calculations.19 A MFM image of a thermally demagnetized 
NdFeB film annealed at 500 °C for 60 s is shown in Fig. 5. It 
can be estimated that the domain size is about 500 nm. This 
means that in one domain there are many Nd2Fe14B nanoc- 
rystallites aligned by exchange coupling. Such a micromag- 
netic structure (sometimes called "an interaction domain") 
provides a direct explanation for the high Mr/Ms. The ex- 
change coupling here is so strong that MrIMs is changed 
slightly when Hc is changed dramatically. 

IV. CONCLUSIONS 

By using the RTA technique we are able to fabricate 
isotropic nanocrystalline NdFeB films with high Hc and high 
Mr/Ms. Hc is very sensitive to annealing temperature and 
time. Low temperature and short time, which are just enough 
to crystallize the amorphous NdFeB into single-domain 
Nd2Fe14B nanocrystallites, are critical to obtain the proper 
microstructure for high Hc. We also found that these high 
coercivity, nanocrystalline NdFeB films have very high 
MrIMs, which originates from the strong exchange coupling 
among the Nd2Fe14B nanocrystallites. 
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Magnetic and structural properties of (Co^xFe^Pt thin films 
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(Coj-jFeJPt films were grown on a glass substrate by a rf sputtering and then annealed at 
650-700 °C in a high vacuum. All the as-sputtered (Co, -xFex)Pt films deposited below 400 °C had 
a disordered structure and showed very low coercivities. With increasing the deposition temperature 
and Fe contents, the (111) texture was weakened in as-deposited (Coj-^Fe^Pt ternary films. 
Vibrating sample magnetometer and x-ray diffraction data show that Co atoms in the Ll0 CoPt 
phase were substituted with Fe atoms. In-plane coercivities of these films decreased almost linearly 
with increasing Fe content which seemed to be due to the decrease of a crystalline anisotropy 
energy.   © 1998 American Institute of Physics. [S0021-8979(98)31211-6] 

I. INTRODUCTION 

FePt and CoPt binary alloy films with a tetragonal L10 

structure have received a significant attention because of 
their very high crystalline anisotropy, and thus their potential 
as magnetic or magneto-optic recording materials.1"4 Be- 
cause both compounds have a tetragonal L10 structure sub- 
stitution of Co atoms with Fe atoms or vice versa can give 
interesting properties. However, no experimental data about 
these ternary alloy films have not been published yet. 

In this article we deposited (Coj-^Fe^Pt thin films by 
sputtering, annealed at 650-700 °C in a high vacuum, and 
investigated their magnetic and structural properties. 

II. EXPERIMENTAL PROCEDURE 

All films were prepared on Corning 7059 glass sub- 
strates using a rf magnetron sputter system from 10 cm diam 
sources at 100 W with a source to substrate distance of 6 cm. 
For CoPt and FePt binary films, Co-Pt or Fe-Pt composite 
targets were used, for which 5 X10 mm Pt sheets were 
placed on an erosion track of pure Co or Fe targets, respec- 
tively. 100-300 mm thick (Co^^Fe^Pt films were depos- 
ited from Co-Fe-Pt composite targets, for which additional 
5X10 mm Fe or Co sheets were placed on preset Co-Pt or 
Fe-Pt binary composite targets. The chamber base pressure 
was better than 6X 10~7 Torr and sputtering pressure was 1 
mTorr. Deposition temperature was room temperature, 300 
and 400 °C for the films which were deposited from Co-Pt 
composite targets. Films using Fe-Pt composite targets were 
deposited at room temperature. As-sputtered films were an- 
nealed in a high vacuum better than 7 X 10"6 Torr at 650 and 
700 °C for 0.5 and 1 h. For the structural analysis, x-ray 
diffraction was performed on a Philps X'Pert-MPD diffrac- 
tometer with a thin film attachment and Cu Ka radiation 
source. Film compositions were analyzed by energy disper- 

a)Electronic mail: pwjang@alpha94.chongju.ac.kr 
b)Also with: Department of Metals Eng., Korea University, Seoul 136-701, 

Korea. 
c)Also with: Div. of Metals, Korea Inst. of Sei. & Tech., Seoul 136-791, 

Korea. 

sive spectroscopy (EDS). Magnetic properties were investi- 
gated by a vibrating sample magnetometer (VSM), with a 
maximum field of 10 kOe. 

III. RESULTS AND DISCUSSION 

Normally films deposited at low temperatures show a 
fiber texture with a close packed plane parallel to the film 
plane while films deposited at high temperatures show a tex- 
ture with a low index plane parallel to the film plane. Be- 
cause disordered CoPt films have a face centered cubic sys- 
tem, CoPt films deposited at room temperature showed the 
(111) texture and higher deposition temperatures weakened 
the (111) texture. Figure 1 shows x-ray diffraction patterns 
of CoPt binary films deposited at different temperatures. 
With increasing the deposition temperature well developed 
(111) textures became weaker and (200) and (311) peaks 
were clearly seen. 

Figure 2 shows x-ray diffraction patterns of 
(Co0.72Fe0 2g)Pt thin films deposited at different temperatures. 
Compared with Fig. 1 of CoPt binary films, the (111) texture 
became apparently weak and the (220) texture was devel- 
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FIG. 1. X-ray diffraction patterns of CoPt binary alloy films deposited at 
different temperatures. 
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FIG. 2. X-ray diffraction patterns of (Co72Fe2g)Pt ternary alloy films depos- 
ited at different temperatures. 

10        12        14        16        18        20 

Fe Contents(At.%) 

FIG. 4. Variation of lattice constants of ordered (Co! _^Fe^Pt films with Fe 
content. 

oped with the addition of Fe. Also the (220) texture was 
shown in (Co0 72Fe0 2s)Pt films deposited at high tempera- 
tures. In Figs. 1 and 2 there were no peaks related to super- 
lattices such as (001) and (003) peaks, meaning the forma- 
tion of a disordered structure below 400 °C deposition 
temperature leads to very low coercivities. 

Figure 3 shows x-ray diffraction patterns of 
(Co^jFe^Pt films deposited at 400 °C and annealed at 
700 °C for 1 h. With increasing Fe content almost all peaks 
of fundamental as well as (001) superlattice peaks were 
clearly seen. When Fe atoms are added to the Ll0 CoPt 
structure, there would be two possibilities for phase forma- 
tion. One possibility is the formation of the LI0 FePt struc- 
ture and another is the substitution of Co atoms with Fe 
atoms. If a mixture of the CoPt and FePt structure existed, 
there would be two peaks diffracted from (222) planes of 
each phase which are around 1.1° apart from each other. In 
Fig. 3 there are single (222) diffraction peaks and no tints of 
the superposition of two peaks. Therefore it can be con- 
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FIG. 3. X-ray diffraction patterns of (Co^Fej 
and annealed at 700 °C for 1 h. 

JPt films deposited at 400 °C 

eluded that Co atoms in the L10 CoPt structure were substi- 
tuted with Fe atoms, thus leading to an ordered structure. It 
can also be seen that (111) texture becomes weaker with 
increasing Fe content. 

Figure 4 shows the variation of lattice constants of or- 
dered (Co^jFe^Pt films with Fe content. CoPt binary data 
were fitted because there were only (111) and (222) peaks 
diffracted from the same plane as shown in Fig. 3. The cla 
ratio decreased with increasing Fe content, which also ex- 
cluded the possibility of the mixture of the Ll0 CoPt and 
FePt phases. 

Figure 5 shows the variation of in-plane coercivities of 
ordered (Co^-jFe^Pt films deposited at different tempera- 
tures and annealed at 700 °C for 1 h. With increasing Fe 
content coercivities of all films decreased linearly. The rea- 
son for the decreased coercivity seems to be associated with 
the decrease of anisotropy energy, reversal mechanism 
change, or crystallographic texture change. It seems that 
there is no possibility of the reversal mechanism changing 
because both in-plane and perpendicular coercivities of films 
were almost the same, suggesting the spin rotation mecha- 
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FIG. 7. X-ray diffraction patterns of (Fe|_vCov)55Pt45 films annealed at 
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nism. Effects of the texture on the coercivity should be ex- 
cluded because films deposited at different temperatures and 
annealed had almost the same coercivities even though the 
degree of the (111) texture is quite different. Therefore the 
decrease of coercivities in Fig. 5 seems to be due to the 
decrease of anisotropy energy. 

Figure 6 shows the coercivities of (Co1_A.Fe^)055Pt045 

films sputtered from the Fe-Pt composite target for which Pt 
and Co sheets were placed on a pure Fe target. The binary 
film had an equiatomic composition while Pt contents of 
ternary films were 4-6 at % lower than that of the stoichio- 
metric FePt phase. In Fig. 6 coercivities decreased rapidly 
with increasing Co content. The ordered FePt L10 phase has 
been known to be formed in a wide Pt range of 22-50 at %.5 

We tried to find superlattice peaks of (Co1_J.Fex)055Pt045 

films, but it was very difficult to analyze it by x-ray diffrac- 
tion (XRD) because of a high degree of the (111) texture as 
shown in Fig. 7. In Fig. 7 there was a very broad peak 
around 2 0= 24°, but the peaks seemed to be unrelated to the 
superlattice (001) peak because same broad peaks could be 
observed in as-sputtered films. Further, if we consider the 
results of Figs. 4 and 5, and Ref. 5, the possibility for form- 
ing the ordered (Co1_J.FeA.)055Pt045 phase was very low. 

These are very unexpected results; the reason is not clear yet 
and more experimental results are needed. 

IV. CONCLUSION 

(Co! __,.FeJPt films were grown on a glass substrate by a 
rf sputtering and then annealed at 650-700 °C in a high 
vacuum. All as-sputtered (Co^^Fe^Pt films deposited be- 
low 400 °C had a disordered structure and showed very low 
coercivities. With increasing deposition temperature and Fe 
content, the (111) texture was weakened in as-deposited 
(Coj.jFe^Pt ternary films. Vibrating sample magnetometer 
(VSM) and x-ray diffraction pattern data show that Co atoms 
in the L\0 CoPt phase could be substituted with Fe atoms. 
In-plane coercivities of these films decreased almost linearly 
with increasing Fe content which seemed to be due to the 
decrease of crystalline anisotropy energy. 
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Magnetocrystalline anisotropy in (111) CoPt3 thin film with growth-induced 
chemical anisotropy investigated by x-ray magnetic circular dichroism 
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Angle-dependent x-ray magnetic circular dichroism (XMCD) experiments performed at both the Co 
and Pt L23 edges for a cubic CoPt3 thin film, which exhibits growth-induced chemical anisotropy, 
are used to determine the element specific magnetic anisotropy. The large decrease of the 3d orbital 
moment, observed when the spins are forced out the easy axis of magnetization by the applied 
magnetic field, is a consequence of a strong magnetocrystalline anisotropy (MCA). In addition, a 
weak but systematic variation of the Pt orbital moment indicates that the 5d atoms could play an 
important role in the MCA. These results correlate the microscopic XMCD evaluation of the MCA 
and the local structural anisotropy as observed with x-ray absorption fine structure (XAFS). 
© 1998 American Institute of Physics. [S0021-8979(98)53911 -4] 

Compared to classical bulk methods, alloy growth by the 
ultrahigh vacuum evaporation methods such as molecular 
beam epitaxy (MBE) benefits of surface diffusion controlled 
by an appropriate choice of temperature growth and deposi- 
tion rates. It is an appealing route to "fabricate" materials 
with specific properties, and is of prime importance for the 
development of magnetic and magneto-optic materials. In 
this respect, Co^Pt^x thin alloy films, that are characterized 
by large Kerr rotations at short wavelengths and strong mag- 
netocrystalline anisotropy (MCA), appear as good candidates 
to substitute the current TbFeCo media.1 Recently, strong 
perpendicular magnetic anisotropy (as large as 107 erg 
cm-3) as well as 100% perpendicular remanence has been 
observed in (lll)-oriented fee CoPt3 alloy films.2'3 This was 
unexpected for a cubic lattice and was attributed to the exis- 
tence of an anisotropic local chemical order.3 MCA is known 
to be a microscopic effect,4 but the evidence of MCA comes 
mainly from macroscopic measurements (either torque or 
magnetization).2'3 To demonstrate unambiguously the corre- 
lation between MCA and this growth-induced chemical an- 
isotropy, angle-dependent x-ray magnetic circular dichroism 
measurements (XMCD) were performed at both the Co and 
Pt L23 edges. XMCD is obviously a good probe to provide 
new information: the sum rules for XMCD5 show a correla- 
tion between orbital momentum and MCA through separate 
spin and orbital magnetic moment evaluations.6 In addition, 
the site selectivity of XMCD allows one to investigate the 
role of the Pt orbital moment in the MCA: this role has not 
yet been considered, although calculations argue that the 

^Electronic mail: rogalev@esrf.fr 

large anisotropy observed in Co-Pt or Co-Pd systems re- 
sults mainly from the large spin-orbit interaction on the 5d 
{Ad) atoms.7 

The (111) CoPt3 thin film alloy was deposited by MBE 
in a 10~10 Torr pressure onto a 150 Ä Ru (0001) buffer layer 
grown at 900 K onto a mica (001) substrate. The 500 Ä thick 
film was co-evaporated at 690 K using deposited rates of 0.2 
Ä/s for Pt and 0.05 A/s for Co, respectively. Finally a 15 Ä 
protective Pt layer was deposited. The film exhibits a fee 
disordered structure, slightly compressed along the growth 
direction [111].3 Such a deformation was attributed to an 
anisotropic local order, which was confirmed by XAFS mea- 
surements performed at the Co K and Pt L3 edges, revealing 
the existence of preferential CoPt pairs along the growth 
direction.8 This structural anisotropy is mainly the result of 
two effects: (i) the surface diffusion which at 690 K is large 
compared to the bulk mobility, and (ii) the Pt surface segre- 
gation during deposition. This film may be seen as surface 
alloys stacked above each over and frozen-in as the free sur- 
face advances. Finally, this surface chemical ordering yields 
an anisotropic alloy with a large MCA. The magnetization 
hysteresis loops show an easy axis of magnetization perpen- 
dicular to the film plane (i.e., the [111] direction) with 
roughly £„ = (1 ±0.2)107 erg cm"3 at 30 K. It is worth not- 
ing that the growth temperature is the key parameter in fab- 
ricating such systems, since a completely disordered fee film 
grown at room temperature and a Ll2-type ordered fee film 
grown at 800 K do not exhibit perpendicular anisotropy.3 

XMCD experiments were carried out at the ESRF beam- 
lines ID 12A (Pt Z-2,3 edges) and ID 12B (Co L23 edges). 
The straight section ID 12 is equipped with two helical un- 
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full curve represents the fitting assuming that the id orbital moment varies 
(at lowest order) as m^rb+(m^rb-m^rb)sin2 y, where m^rb and mj,rb denote, 
respectively, the orbital moment measured along and perpendicular to the 
[111] direction. 

dulators (Helios-I and Helios-II) which cover two comple- 
mentary energy ranges from soft (0.5 to 1.6 keV) to hard (3.0 
to 22.0 keV) x rays.9,10 Helical undulators provide a highly 
circular polarization rate, which is well transferred by the 
optical elements for the two present investigations, and allow 
to alternate easily the helicity of the photons. For the energy 
range requested for the Pt L2,3 edges (11.0-13.5 keV), the 
third harmonic of the undulator Helios-II was chosen and the 
double-crystal monochromator was equipped with a pair of 
Si (111) crystals. For the measurements at the Co L2i3 edges, 
the ID 12B branch was equipped with a grating spectrometer 
(1200 1/mm). The circular polarization rate was estimated to 
be 0.9 (ID 12A) and 0.85 (ID 12B), respectively. The XAS 
spectra were recorded at room temperature (i) in the fluores- 
cence detection mode, using a Si photodiode associated with 
a digital lock-in exploiting square waves modulated x-ray 
beam, for the measurements at the Pt L2 3 edges, and (ii) in 
the total electron yield detection (TEY) mode for the mea- 
surements at the Co L2>3 edges. For both experiments, the 
XMCD signal was monitored by keeping the helicity of the 
incoming x rays fixed and flipping the direction of the ap- 
plied magnetic field generated by a superconducting magnet 
(±4T, i.e., parallel or antiparallel to the direction of the 
incoming light). No sizable self-absorption effect is expected 
using the fluorescence mode at the Pt L23 edges since the 
film is very thin with respect to the penetration depth of the 
incoming photons; and to avoid saturation effects in the mea- 
surements performed at the Co L23 edges (TEY mode), the 
analysis has been restricted to 0°<-y<60°, where y denotes 
the angle between the direction of the incoming light (i.e., 
the direction of the applied magnetic field) and the normal to 
the surface. Let us emphasize that due to the small absorp- 
tion coefficient of the 500 Ä CoPt3 film (about 3% at the 
Pt L2?3 edges), these experiments were rather challenging. 

Co Z-2,3 edges 

Figure 1 shows a typical XMCD spectrum recorded in 
the TEY mode at y=60°. The XMCD signal is normalized 
to the isotropic absorption cross section (i.e., approximately, 

the half-sum of the absorption cross section recorded for left- 
and right-handed circularly polarized light) corresponding to 
the 2p-3d transitions and is corrected for the finite rate of 
circular polarization. Using the notation of Arvanitis et al.,11 

the angle-dependent orbital sum rule for XMCD takes the 
form: 

<b=-(2ßT/3)(10-«3rf), (1) 

where m^rb is the orbital moment measured at the angle y, 
n3d is the number of electrons in the 3d shell and Qy is the 
normalized integrated dichroism intensity at the angle y. The 

11.55      11.58     11.61     13.26      13.29     13.32 

Photon energy (keV) 

FIG. 3. Upper panel: Z.2i3 isotropic absorption edges of Pt in a CoPt3 thin 
alloy film (500 Ä) and of Au (dashed line) in a CuAu3 bulk sample. Lower 
panel: difference between the spectra recorded for left- and right-circular 
polarized light (XMCD signal). The XMCD is corrected for the rate of 
circular polarization. 
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magnetic field was sufficient to saturate the magnetic mo- 
ment, so no additional data corrections are needed. 

According to (1), the integral Q7 of each XMCD signal 
shown in the inset of Fig. 1 is directly proportional to the 
orbital moment. The drastic diminution of the orbital mo- 
ment when the spins are forced out of the [111] direction by 
the 4 T applied magnetic field is the microscopic signature of 
strong MCA.12 In the case of a uniaxial anisotropy, it has 
been found that the 3d orbital moment varies (at lowest or- 
der) as m^b+(mllh-m^rb)sm2 y, where m„rb and mj,rb de- 
note, respectively, the orbital moment measured along and 
perpendicular to the easy axis of magnetization (i.e., the nor- 
mal to the surface).4 Figure 2 shows the good agreement 
between our experiments and this theoretical prediction (full 
curve) supporting the present model. Taking 7.75 for the 3 d 
electron occupation number,13 we found mgTb-mlrb 

= 0.l3fjLB and m^rb= (0.30±0.02)JJ,B . This enhancement of 
the orbital moment [the value measured for bulk hep Co 
[0001] is morb=0.15yu,g (Ref. 14)] is consistent with previous 
XMCD experiments that have found an obvious connection 
between orbital moment, MCA and the breaking of symme- 
try at interfaces.14'15 

Pt L2;3 edges 

According to calculations, the strong MCA observed in 
Co-Pt (Pd) systems is the consequence of the strong 5d 
(Ad) spin-orbit coupling (£pt/£co^8):7 roughly speaking, 
the 3d atoms would play a minor role in the MCA, acting 
only as a "source of magnetism." We recently found in 
Pd/Co multilayers an anisotropy of the 4 d orbital moment of 
m^lb-m

]l
orb= 0.07/J,B, which demonstrates the important role 

played by the Ad atoms in the MCA.16 Figure 3 shows the 
isotropic absorption and the corresponding XMCD signal re- 
corded in the fluorescence detection mode at the Pt L2?3 

edges. The XMCD signal is corrected for the incomplete 
polarization of the x rays and the applied magnetic field was 
tilted at 30° away from the normal to the surface. To separate 
the transitions to unoccupied 5d states from the continuum 
(2p-nd,s), a steplike function (or an arctangent function) 
can be subtracted from the isotropic absorption cross section. 
This procedure has been extensively used for the determina- 
tion of the 3d near-edge resonance (the "white line"); how- 
ever the L3 and L2 Pt edges do not exhibit a strong white line 
and the errors in the determination of the steplike back- 
ground, negligible for the L2>3 Co edges, might now be as 
large as 40%. For an accurate analysis, we have compared 
the L3 and L2 Pt edges with those of Au, measured in a 
CuAu3 bulk alloy under the same experimental conditions. 
The energy scale of the Au spectra was expanded with a 
factor 1.07 to account for the difference in the lattice param- 
eter, aligned in energy with the Pt spectra on the fine struc- 
ture and finally normalized to the edge jump.17 According to 
this procedure, the angle-dependent orbital sum rule takes 
the following form: 

<b= -2(AAI3 + AAy X{3[<rtot(Pt) 

-o-tot(Au)]/[n5rf(Pt)-»5rf(Au)]}-1, (2) 

where AA{ and AA£2 are the integrals over the dichroism at 

the L3 and L2 edges, respectively, crtot(Pt) - <rtot(Au) is the 
integral of the isotropic absorption cross section over the 
difference curve and [n5d(Pt)-n5d(Au)] is the electron 
number difference, calculated to be 1.06.13 The application 
of the sum rule gives morb= 0.052, 0.049, and 0.044^tB for 
y=30°, 45°, and 60°, respectively. Despite the uncertainties 
in the determination of the orbital moment (typically 10%), it 
appears that the anisotropy of the 5d orbital moment exits. 
Reminding that the MCA energy is proportional to the spin- 
orbit constant, the anisotropy of the Pt orbital moment itself, 
as weak as it may be, should also play an important role in 
the MCA. 

Angle-dependent XMCD experiments at the Co and 
Pt L23 edges in a fee (111) CoPt3 thin film give evidence for 
a strong correlation between the chemical anisotropic local 
order and the MCA. In agreement with previous experi- 
ments, we found a large anisotropy of the 3d orbital moment 
(morb-mJ,rb=0.13jU.B) and have confirmed the validity of the 
model developed by Bruno,4 who has shown theoretically 
that the 3d orbital moment varies as m^tb-\-(rr^mb 

— mQrb)sin2 y for a uniaxial symmetry. Thanks to the high 
quality of the data recorded, we were able to measure a weak 
but systematic decrease of the 5d orbital moment when the 
spins are forced out of the easy direction. These findings 
support the idea that the 5 d orbital moment itself could play 
an important role in the MCA. 
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Magnetic properties of NdFeB thin films synthesized via laser ablation 
processing 
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High energy product Nd2Fe14B films have been grown onto Si(100) substrate by KrF pulsed laser 
ablation using the targets of NdjFe90.9g_jB9.02 (x= 17.51-27.51). The films exhibit no preferred 
texture, however, good hard magnetic properties were produced from as-deposited condition: 
4TTMS^1\HG, 47rMr=4kG, and Hc= 300-1000 Oe. The beam density of 3 J/cm2 gave the 
optimal condition to have the highest 4 irMr and Hc for a substrate T of 650 °C. The higher content 
of Nd induces a higher coercivity and 4irMr at the same time without prominent change in 4irMs . 
The films grown at elevated temperature (620-700 °C) are understood to suggest a magnetically 
coupled interaction between Nd2Fe14B and a-Fe grains by taking into account the monotonously 
decreasing ATTM,. values accompanying with a broad peak regime in Hc at around 550-625 °C. 
© 1998 American Institute of Physics. [S0021-8979(98)21511-8] 

If high field strength permanent magnets in film forms 
can be easily synthesized, those film magnets can then be 
used to fabricate integrated electromagnetic components. 
Circulators and isolators are the typical hybrid type micro- 
wave devices using the ferrite disks for a biasing field. Mag- 
netoresistive heads are another area in which permanent 
magnetic films can play a significant role to obtain the mag- 
netoresistive sensitivity. Miniaturized magnetic sensors, ac- 
tuators, and motors are other areas that can benefit from the 
development of film type magnets. 

In spite of these expections the magnetic field strength of 
the films must be comparable to the energy product term in 
bulk magnets. In addition hard magnetic films in microde- 
vices and data storage technology must be cost effective, yet 
produces smooth hard magnetic films with high values of 
4 irMs , 4 TTM,. , and Hc. Furthermore, a popular film sub- 
strate, such as Si wafer, must be proven to be an appropriate 
material showing no mismatch with the magnetic film mate- 
rials for volume production in future. Nd-Fe-B compounds 
of suitable composition and nanostructure is a good candi- 
date for the above requirements. NdFeB magnetic films have 
been studied during the past years by sputtering a cast 
target.1"4 Recently, a high coercive NdFeB films grown on 
MgO(100) by molecular beam epitaxy (MBE) was reported.5 

In this article we report a laser ablation technique for 
synthesizing Nd2Fe14B base films using a KrF excimer laser. 
Our interest is on controlling the microstructure in nanoscale 
to obtain a high field strength films which presumably will 
consist of magnetically coupled soft and hard grains. 

The magnetic films were prepared by a KrF excimer 
laser (248 nm wave) ablation. The lasing energy density 
ranged from 2.75 to 5.99 J/cm2 at a constant repetition rate of 
10 Hz was employed using NdjFe90.9g_-B9.02 (x 
= 17.5-27.5) targets. The films were deposited onto Si(100) 
wafer at various substrate temperatures ranging 620-700 Ä. 
Targets were made by induction arc melting and repeated 

homogenization treatment. The film thickness was controlled 
by total pulse of 2500-3000 Ä for all the samples which 
exhibited an optimal magnetic properties. The average depo- 
sition rate was identified after pulsation for ten minutes for 
each lasing condition, and the thickness was checked by the 
scanning electron microscope and "a-Step" as well. 

Characterization was performed as functions of various 
ablation parameters such as laser beam density, Nd contents 
of targets and substrate temperatures. The film samples were 
pulsed to have about 300 nm thick with a rate of 10 Hz. As 
the lasing beam density increases linearly from 2.75 to 
5.99 J/cm2, the deposition rate of film varied linearly from 
0.038 to 0.13 nm/s. 

Figure 1 shows the typical magnetic properties as a func- 
tion of beam energy density. The target composition was 
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1.  Laser beam energy dependency on the magnetic properties of 
iFe6347B902 film on (100)Si deposited at a substrate temperature of 
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of 3.08 J/cm2. 

Nd27.5iFe63 47B902, and the film was grown at 680 °C. The 
open circles denote data measured along the in-plane, and 
the solid circles for out-of-plane direction. The experimen- 
tally saturated magnetic moments (4irMs) along parallel di- 
rection ranged about 5300-5700 G, while those of 1000 G 
lower values were exhibited along the out-of-plane direction. 
Saturation magnetization was found to be almost constant 
regardless of the lasing energy density. However, remanence 
values along the out-of-plane were measured to be much 
higher for lasing energy density 2.75-3.08 J/cm2 as shown 
in Fig. 1(b). The numbers in round brackets, which are re- 
duced remanence (Mr/Ms) values, for the samples grown 
with the lasing energy density of 2.75-3.08 J/cm2 are at 
most 0.5-0.52. The lasing energy density higher than 
3.5 J/cm2 gave poor shape of hysteresis curves resulted in 
low values of both the 4irMr and Hc. Although the mag- 
netic properties of the films decrease with higher beam den- 
sities, the microstructure of all films indicated the presence 
of Nd2Fe14B without any minor phase clarified by x-ray dif- 
fraction (XRD) and TEM. Only the difference in the micro- 
structure between the films at lower (3.08 J/cm2) and higher 
beam density (6.0 J/cm2) is the grain size as shown in Fig. 2. 
The grain size of Nd2Fei4B phase of the film at a higher 
beam density (6.0 J/cm2) is measured to be doubled (36 nm) 
that of film at 3.08 J/cm2. 

Figure 3 shows the variation of magnetic properties as a 
function of substrate temperature (Ts) for the films grown at 
a lasing beam density of 3.08 J/cm2. For rs<640°C, the 
hysteresis behaves like a soft magnet which shows 4irMr 

=s330 G and Hc^ 180 Oe. If Ts is raised above 640 °C, how- 
ever, both the 4 TrMr and Hc increase resulting from a very 
coercive hysteresis curve, and the MrIMs becomes more 
than 0.5. X-ray pattern indicated that Ts below 640 °C let the 
films largely amorphous without any minor phase. One in- 
teresting thing regarding the substrate temperature is that the 

deposition rate of film was found to be more than 0.6 Ä/s 
below 640 °C, while above that temperature the rate was less 
than 0.5 A/s. 

The variation of 4 irMr and Hc depend strongly upon the 
concentration of Nd of the targets. Figure 4 shows the mag- 
netic properties of NdxFe909g-xBgm films grown at Ts of 
680 °C with the beam density of 3.08 J/cm2. The variation of 
ATTMS as a function of Nd content is low along the both 
in-plane and out-of-plane directions. However, the 47rMr 

and Hc exhibit different behaviors. The films grown from the 
targets of x= 17.51 and 22.51 shows the MrIMs along in- 
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plane of 0.51-0.55, and along out-of-plane of 0.14-0.18 
with a low value of AirMr and Hc as well. For the films x 
= 27.51, however, the ATTM,. and Hc along out-of-plane 
change abruptly to have Mr/Ms=0.52 and #,.=900 Oe, re- 
spectively. X-ray diffraction patterns of x= 17.51, 22.51, and 
27.51 clearly show that the spectrum of lower Nd contents 
indicates the poor formation of Nd2Fe14B crystallite, while 
the pattern of x = 27.51 shows well developed crystallites. In 
spite of the variation of Nd content the films formed at Ts of 
620-680 °C consist of single phase of Nd2Fei4B, while the 
films grown at room temperature to indicate the presence of 
amorphous and crystalline. The previous studies on NdFeB 
films processed by sputtering1'3'4'6 exhibited the anisotropic 
texture aligning the c axis perpendicular to the film plane. 

The high-resolution micrographs of the films 
Nd17.51Fe7347B9.02 and Nd27.5iFe63.47B9 02, respectively, indi- 
cate that the basic difference between those Nd concentra- 
tions is the grain size. The films of Nd=27.51 at. % shows 
the finer grains less than 15 nm of Nd2Fe14B which resulted 
in a higher coercivity than those of Nd= 17.51 or 22.51 at. % 
whose grain size was found to be around 20 nm. In the 
course of ablation around the eutectic temperature some ex- 
cess of Nd might oust out of the alloy, and the formation of 
Nd-rich grainboundary would take place to anchor the mo- 
tion of magnetic domains. 

Figures 5(a) and 5(b) shows the typical variations of 
magnetic properties of Nd1751Fe73.47B902 films grown at 
room temperature and 680 °C, respectively. The data were 
for the samples measured along in-plane direction taking into 
account the applicability of the film type permanent magnets 
exhibiting the high field strength along the in-plane direction 
of the end devices. In Fig. 5(a) both the AirMs and 4irMr of 
as-deposited films are high due to the presence of abundant 
amorphous phase which also shows the lower coercivity. By 
post annealing at in situ substrate the 4irMr values drop 
prominently to a certain value (4000 G) and then stabilized 
thereafter. Almost the same behavior is denoted for 4 TTMS . 
As was mentioned above the post annealing seems to induce 
the fusion of Nd and oust out the grain boundaries. However, 
as the annealing temperature is increased, the Hc value en- 
hances considerably up to 600 Oe around 600-650 °C. The 
formation of Nd2Fe14B crystallites developed by crystallizing 
amorphous phase appears to be responsible for the enhance- 
ment of Hc. At higher temperatures, Hc decreases due to the 
extended growth of Nd2Fe14B grains. The above rationaliza- 
tion for the magnetic properties seems to also be true for the 
films grown at 680 °C in Fig. 5(b). 

The high values of 4ITMS and 4irMr for the as- 
deposited films grown at 680 °C tend to decrease with in- 
creasing the annealing temperature. At the same time, Hc 

values increase to the maximum value (550 Oe) around 550- 
600 °C and then decrease thereafter [Fig. 5(a)]. In this case, 
it should be understood that if the film samples exhibit the 
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FIG. 5. The variation of magnetic properties as a function of annealing 
temperature for Nd175iFe7347B902 films deposited at (a) room temperature 
and (b) 680 °C. 

same demagnetization effect at each temperature, the de- 
creasing 4irMr should be accompanied with decreasing Hc 

values due to the slender hysteresis curve. In addition, the 
Nd2Fe14B grains developed during the previous temperature 
regime will grow, loosing their coercivity. However, in Fig. 
5(b) Hc still shows a broad maximum over a small tempera- 
ture range. These films indicate a coupling interaction be- 
tween Nd2Fe14B grains and magnetically soft a-Fe grains 
which inevitably will form during post annealing. 
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Maximum energy product of isotropic Nd-Fe-B-based 
nanocomposite magnets 

J. Kuma, N. Kitajima, Y. Kanai, and H. Fukunaga 
Department of Electrical Engineering and Computer Science, College of Engineering, Nagasaki University, 
1-14 Bunkyo, Nagasaki 852 Japan 

The maximum energy products, (BH)max, of isotropic Nd-Fe-B-based nanocomposite magnets 
were calculated by a three dimensional model (10X10X10) that incorporated non-uniform 
magnetization reversals by subdivisions of the grains. Based on the results of our simulation, the 
largest obtainable (5Z/)max for a sample with 60% soft and 40% hard grains is about 290 kJ/m3. 
This value is lower than the previous crude estimate of 400 kJ/m3 but is almost twice as large as the 
experimental measured maximum of 160 kJ/m3 suggesting that further improvement in (BH)max is 
possible if the nanostructure of an actual magnet can made close to the theoretically ideal structure. 
© 1998 American Institute of Physics. [S0021-8979(98)44211-7] 

I. INTRODUCTION 

In developing isotropic Nd-Fe-B nanocomposite mag- 
nets, it is important to obtain the maximum energy product, 
(ß//)max, that is close to the theoretical upper bound. Based 
on numerical calculations, the theoretically obtainable 
(BH)mm of those magnets were estimated to be around 
400kJ/m3.1,2 On the contrary, experimentally measured 
(BH)mm have not exceeded 160kJ/m3.3 Part of the differ- 
ence may be caused by the two-dimensional nature of the 
model2 or by the suppression of nonuniform magnetization 
reversals.1 Hence we have attempted to improve the estimate 
of (BH)Itax by subdividing the grains to incorporate nonuni- 
form magnetization reversals while maintaining the three- 
dimensional configuration of the grains. 

After the effects of the subdivision were studied and 64 
elements per grain was found to be sufficient for accurate 
calculation of (BH)m3x, the calculation was repeated with 
« = 64 to investigate the theoretically ideal nanostructures. 
The ratio of soft and hard grains and a relative exchange 
strength were varied and the conditions for the maximum 
(BH)mm were obtained. 

27, or 64 cubic elements. The magnetization inside each el- 
ement is assumed to be uniform, but this scheme allowed to 
approximate nonuniform magnetization reversals within the 
grain. 

The total energy W of the magnet, when an external field 
H is applied, is given by 

nXlOOO  I T  o    /   6 

i = \ 

V 
W=-   2    \Kui-(urmi)

2 + 
J„S 

6n 2/3 2 
;=i 

m.- - va.1 

+ MsiV(mrll) )+W, (1) 

where the terms in the brackets represent the anisotropy en- 
ergy, the exchange interaction energy caused by the six 
neighboring elements and the applied field energy in that 
order. Wm represents the magnitostatic energy due to the 
local demagnetization field. 

Kui and Msi are the anisotropy constant and the satura- 
tion magnetization of the i'th element, and their values de- 

ll. SIMULATION MODEL AND METHOD 

Our simulation model is shown in Fig. 1. 1000 magneti- 
cally soft and hard cube-shaped grains were arranged in an 
array oflOXlOXlO. Periodic boundary conditions are used 
in three directions to eliminate the necessity of 
demagnetizing-field correction. After the fractions of the 
magnetically soft and hard grains were specified, the loca- 
tions of the grains were determined by pseudorandom num- 
bers. The magnetically hard grains represent Nd-Fe-B with a 
uniaxial anisotropy constant, K(

U
H) = 4.5X 106 J/m3 and satu- 

ration magnetization M^H)=1.61 T. Moreover, their easy 
axes are randomly distributed in space to model an isotropic 
material. The magnetically soft grains are assumed to be iron 
with no anisotropy (£[,S) = 0) and saturation magnetization 
M<5) = 2.16T. 

In order to study the effects of nonuniform magnetiza- 
tion reversals, all the grains were subdivided into n=\, 8, 
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FIG. 1. Model of a magnet. 
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pend on the kind of grain in which the element is located. S 
and V are the surface area and the volume of each grain and 
are converted into those of each element by dividing by n or 
nm, where n is the number of elements per grain. Je is the 
exchange interaction constant per unit surface area, and a 
single Value was assumed for all the boundaries. 

u, is a unit vector in the direction of the easy axis of the 
ith element, m, and m; are the magnetizations in the ith and 
the y'th elements and are reduced by the saturation magneti- 
zation of the corresponding grain. 

To find the directions of the magnetizations in response 
to an applied field, the following form of Gilbert's equation4 

is numerically integrated. 

dm. y sw 
dt      (l + az)MsiV     <Sm, (2) 

a(ßl-l)        aßixßiy-ßiz    ßiy+aßizßix 

A=|  ßiz+aßixßiy    a(ßl-l)        aßixßiy-ßiz 

aßixßiy-ßiz    ßix+aßiyßiz    a(ßl-l) 

where y and a are the gyromagnetic constant and the damp- 
ing parameter, respectively. /3's are the direction cosines of 
the magnetization in the ith element so that m, 
= (ßix,ßiy,ßiz). 

The variation of the total energy with respect to m; can 
be written as 

SW (m
y\Kui JeSniB , ^ 

= - IK™ - \ r^r u,.(u; • m,) + -{-m-    £ m, 
<5m n \K ■(H) 6K\H)V k=\ 

M„- 

2K (H) (H+H„.)   . (3) 

Here the ratio of the exchange energy to the anisotropy en- 
ergy of a magnetically hard grain, JeS/6K^V, is defined as 
the exchange parameter rj. The calculated magnetic proper- 
ties depend solely on rj and the fraction of the soft grains 
once Ku and Ms of two kinds of grains are specified. 

Hdi is the local demagnetizing field acting on the ith 
element and is calculated in the following manner. First, we 
calculate the distribution of the magnetic charges according 
to the magnetization of each element. These results are used 
to calculate the magnetic potential by means of EFT (fast 
Fourier transform) and the inverse FFT. Hdi is calculated as 
the gradient of the magnetic potential at the ith element. 

After the directions of the magnetizations were deter- 
mined, the reduced magnetization m of the model is calcu- 
lated as the sum of the in-field component of 
M, (= M^m,) divided by the sum of the saturation magne- 
tizations of all the elements. 

III. RESULTS 

In order to examine the effects of the subdivisions of the 
grains, five different configurations of 60% soft and 40% 
hard grains were generated with rj =0.118, and the simula- 
tion was repeated. The value of rj and the fraction of the soft 
grains were so selected that the largest (BH)max was ob- 
tained for a single cubic element. 

-0.04 0 
Reduced Field    h 

FIG. 2. Demagnetizaiton curves for magnets containing 60% soft grains. 

Figure 2 shows the calculated demagnetization curves 
that were close to the average of those five simulations. In 
the figure, h is the reduce applied field defined as h 
= H/(M(

S
H)/2K<

1{
1)). As the number of elements in a grain, n, 

is increased, the remanence, m,., decreases and approaches 
0.8. At the same time the hysteresis loops deviate more from 
a square loop. 

The directions of the magnetizations are shown in Fig. 3 
for « = 27 with a reversal field of \h\ = 0.055 applied in the 
negative x direction. A cross-sectional plane parallel to the 
x-y plane was selected, and the magnetizations of the grains 
contained in that plane were projected onto the x-y plane. 
The darker arrows represent the magnetizations is magneti- 
cally hard elements and lighter arrows represent those in the 
soft elements. The directions of magnetizations in the hard 
grains are relatively uniform, because their anisotropic en- 

FIG. 3. Directions of magnetizations projected onto x-y plane. h = 
— 0.055 is applied to a sample containing 60% soft grains. Each darker 
arrow represents the magnetization in a magnetically hard element, and a 
lighter arrow represents the magnetization in a soft element. (n = 27). 
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FIG. 4. Dependence of (B//)max on the number of elements in a grain. The 
average value and the range of (BH)mm of 5 simulations are shown at each 

ergy is about 9 times larger than the exchange energy. The 
magnetizations in the soft grains, on the other hand, show 
non-uniform behavior because of the lack anisotropy. 

Figure 4 shows the dependence of (Z?ff)max on the num- 
ber of elements per grain. As n increases, the calculated 
(BH)mzx decreases and approaches about 250kJ/m3. The 
range of (BH)mwi also diminishes as expected. 

The calculation of (BH)mm was repeated for n = 64 with 
various ratios of soft and hard grains and a range of rj. As 
shown in Fig. 5, the largest (ß//)max was observed when the 
ratio of the soft grains was 60%, which was same as the case 
of n= 1. When n was increased from 1 to 64, however, the 
the largest (ß//)max increased from 250 to 290 kJ/m3 and the 
corresponding values of TJ shifted from 0.118 to a larger 
value (or a smaller grain size). If we assume /e=16 
X10"2 J/m2, r/= 0.177 corresponds to the optimum grain 
size of 20 nm. 

IV. CONCLUSIONS 

The magnetic properties of isotropic Nd-Fe-B-based 
nanocomposite magnets were calculated by computer simu- 
lation based on a micromagnetic theory. Each grain was sub- 
divided into 1 to 64 elements to study the effects of nonuni- 
form magnetization reversals within the grain. As the 
number of elements per grain increased, both the calculated 
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FIG. 5. (ßff)max as a function of the exchange interaction parameter rj with 
the ratio of the soft grains varying from 40 to 75%. The grain sizes are 
calculated assuming J„ = 1.6X 10~2 J/m2. 

(BH)mm and mr decreased and approached constant values. 
Thus n = 64 appears to be sufficient for an accurate estimate 
of(ßtf)max. 

The simulation was repeated by varying the exchange 
interaction parameter TJ and the fraction of the soft grains. 
The largest (B//)max was obtained when the ratio of the soft 
grains was 60% as reported before. However, the value of 
(BH)mm obtained with n = 64 was 290kJ/m3. This value is 
about 28% lower than the previous estimate of 400 kJ/m3. It 
was also noted that the largest (BH)max corresponded to a 
grain size of 20 nm which is smaller than the estimate made 
without non-uniform magnetization reversals. 

The remaining difference between the experimentally 
measured maximum (5H)max of 160kJ/m3 and this simula- 
tion is probably caused by the differences in the nanostruc- 
tures. In other words the mangetic properties may be further 
improved by fabricating magnets whose nanostructures are 
closer to the theoretically ideal structures. 
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Remanence enhancement in mechanically alloyed isotropic Nd(Fe, Mo)12N; 
compounds 

Yiaofu Xiao,a) Qi Zeng, Shengzhi Dong, and Run Wang 
Institute of Materials Science and Engineering, University of Science and Technology, Beijing 100083, 
People's Republic of China 

The structure and magnetic properties of Nd(Fe, Mo)12NA compounds prepared by mechanical 
alloying have been studied using x-ray diffraction, transmission electron microscopy, and magnetic 
measurements. After heat treatment and nitriding, it is found that almost single-phase 
Nd(Fe, Mo)i2N^ can be obtained. Electron microscopy revealed a nanometer grain size of 10-30 
nm and the magnets have a remanence enhancement of approximately 60% of the saturation. 
© 1998 American Institute of Physics. [S0021-8979(98)31311-0] 

i. INTRODUCTION 

In structurally isotropic magnetic materials the ratio of 
remanent magnetization Mr and saturation magnetization, 
MrIMs, is at 0.5.' Recently enhanced magnetically isotropic 
properties have been observed in single-phase materials2'3 

and two-phase materials containing both hard and soft mag- 
netic phase. In these materials, Mr is significantly greater 
than 1/2MS. As to single-phase materials, there are two nec- 
essary conditions for the remanent enhancement phenom- 
enon happening:2 (1) a substantial absence of an intergranu- 
lar phase between the crystallites, and (2) a specific grain 
size range. 

Due to a relatively high Curie temperature, high satura- 
tion magnetization and a large (easy C axis) anisotropy field, 
Nd(Fe, M)i2Nx (M=Mo, Ti, V) compounds are promising 
candidates for permanent magnet application.4'5 

Nd(Fe, Mo)12N,. especially, has the advantage of easy for- 
mation of its single phase and the realization of high coer- 
civity. So in this article, we report on the occurrence of re- 
manence enhancement in mechanically alloyed Nd-Fe- 
Mo-N powders. 

II. EXPERIMENT 

Alloys of NdFe10Mo2 compounds were prepared by in- 
duction melting of 99.9 wt. % pure materials in a water 
cooled crucible under purified argon atmosphere. An addi- 
tional amount of Nd (3 wt. %) was added to compensate for 
the loss during the process. The ingots were annealed at 
950 °C for 100 h. For mechanical alloying (MA), the an- 
nealed compounds were crushed into particles with a diam- 
eter of less than 50 /urn and sealed into a vial with several 10 
and 12 mm stainless steel balls in a ratio of powder to ball of 
1 to 20 under argon atmosphere. MA was done in a high- 
energy ball mill designed by our laboratory for 24 h. All 
handling was conducted in a glove box filled with argon gas. 
Crystallization was carried out in the temperature range from 
700 to 900 °C for 0.5 h in a vacuum atmosphere. The recrys- 
tallized compounds were nitrided at 500 °C for 2 h in pure 
nitrogen atmosphere. X-ray diffraction (XRD) analysis was 

conducted using Cu Ka radiation with a Rigaku D/max-rA 
diffractometer equipped with a graphite crystal monochro- 
mator. Transmission electron microscope (TEM) observation 
was performed with an H-800 electron microscopy, and 
magnetic measurement was performed with a magnetometer 
operating in a field of 2 T. 

III. RESULTS AND DISCUSSION 

X-ray diffraction patterns of a mechanically alloyed 
NdFe10Mo2 sample are shown in Fig. 1. It can be seen from 
Fig. 1 (a) that the mechanically alloyed materials show a mix- 
ture of amorphous and a-Fe. On subsequent isothermal aging 
at 1073 K, the mechanically alloyed powders were converted 
into Nd(Fe, Mo)12 with the ThMn12 structure [Fig. 1(b)]. 
The nitrided ThMn12 crystalline structure was obtained by 
following nitrogenation, and it is composed of single-phase 
1:12 [Fig. 1(c)]. 

Figure 2 show the hysteresis loop of a NdFe10Mo2NA. 
compound measured in a field of 2 T. The sample was crys- 
tallized at 1073 K for 0.5 h and nitrided at 773 K for 2 h. It 
can be seen that Ms = 70.7 emu/g, Mr=44.5 emu/g, and 
Mr/Ms = 0.63. However, the sample was unable to be satu- 

o a-Fe 
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"'Electronic mail: bkg.mag@public3.bta.net.cn 

FIG. 1. X-ray diffraction patterns of the MA NdFe,0Mo2 sample: (a) milled 
for 24 h; (b) annealed at 1073 K for 0.5 h after MA; (c) nitrided at 773 K for 
2h. 
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H(kOe) 

FIG. 2. Hysteresis loop of NdFe10Mo2Ni powder measured in a field of 2 T. 

rated at the field of 2 T, so we use the "law of approach" to 
calculate the Ms for H—►<», which is approximately 75.4 
emu/g and corresponding to MrIMs = 0.60. 

The crystal size of the aged, MA powder was found to 
be approximately 15 nm by X-ray diffraction analysis. The 
TEM micrograph of an individual powder particle, which has 
the size of 300 nm, is shown in Fig. 3. It is comprised of 
randomly oriented equiaxed crystallites with the tetragonal 
ThMn12 structure. The crystallite size of the nanocrystalline 
phase ranges from 10 to 30 nm, being in good agreement 
with the x-ray diffraction analysis. In addition, the crystal- 
lites are substantially free of any intergranular phase— 
crystalline or amorphous. The employment of dark-field 
techniques verified that there is intimate contact between 
ThMn12 grains. 

The exchange interaction tends to align all the magnetic 
moments parallel, and conversely the anisotropy interaction 
lines up the magnetic moments in each grain with its crys- 
tallographic C-axis direction. The exchange energy grows 
with the increasing intergrain contact surface area. On the 
other hand the anisotropy energy grows with increasing grain 
volume. Hence, at sufficiently small grain sizes accommoda- 
tion between the two types of magnetic interaction arises. 
The remamence enhancement phenomenon results from this 
accommodation of the two competing interactions. The di- 
rection of each grain's magnetization deviates from its C 
axis towards the direction of the neighboring grains' magne- 
tization; hence, the resultant magnetization of the entire mag- 
net is greater than if each grain acted independently. How- 
ever, the grain sizes are so small that the coercivity becomes 

FIG. 3. TEM bright-field image and the corresponding diffraction pattern of 
MA NdFe10Mo2 powder which had been milled for 24 h, aged, and nitrided. 

lower, only 5.0 kOe was obtained in our study, which is 
lower than the result resported by Gong and Hadjipanayis.7 

IV. CONCLUSION 

MA has been successfully used in the preparation of 
Nd(Fe, Mo) ^N^ permanent magnets with remanence en- 
hancement, MrIMs^0.6. The reasons for the exchange in- 
teraction to give rise to the magnetic enhancement are: (1) 
the mean grain size of 20 nm; (2) the substantial absence of 
any intergranular phase. 
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Nd8Fe77Co5B6CuNb3 amorphous ribbons were obtained by the melt spinning method using a large 
range of the wheel circumferential speed (18-40 m/s). For 10 min time of heat treatment at 700 °C 
the following values of the magnetic characteristics were achieved: Hc = 3.95 kOe, Br 

= 11.25 kG, and (5//)max=15 MGOe. The 13% increase of the remanent ratio Mr/ML5r by 
applying a magnetic field during annealing suggests an improvement of the exchange coupling 
effect. The Curie temperature of both hard and soft magnetic component phases increases with 
about 50 °C due to the Co content but it is not affected by the magnetic field annealing. © 1998 
American Institute of Physics. [S0021-8979(98)31411-5] 

I. INTRODUCTION 

The most attractive alloys which exhibit hard magnetic 
properties are the NdFeB based alloys. Two methods are 
known to produce NdFeB magnets: powder metallurgy and 
rapid quenching from the melt. The former leads to a micro- 
structure that was found to consist of large grains (4-10 fim) 
of Nd2Fe14B phase embedded in a matrix of Nd-rich phase.1 

The main advantage of the second route is that it allows the 
possibility of lowering the Nd content without affecting the 
magnetic properties. In this case two phases are separated: a 
soft magnetic Fe-based phase having high saturation 
(4ITMS = 2.2 T) and a hard magnetic Nd2Fel4B phase having 
a high anisotropy constant (Ä"! = 4.3X 106 J/m3). The prop- 
erties of each individual magnetic phase contribute to the 
properties of the entire ensemble due to their ferromagnetic 
exchange coupling. The optimum hard magnetic properties 
are obtained when the crystallites behave as single domain 
(cL<40nm) and there exist a uniform distribution of the 
magnetically soft and hard phases. The nanoscale grain re- 
finement can be obtained directly during the quenching pro- 
cess but in this case the presence of the metastable phases 
cannot be controlled,3 or from amorphous precursors by an- 
nealing. In order to obtain a "clean" magnetic structure we 
preferred to use the second method. 

The quenchability4 and the nanostructured phase forma- 
tion are improved by adding various elements at the basic 
composition. The most known addition used in soft magnetic 
materials is the pair of the atomic species (Cu, Nb) which 
promote the formation of the grains and act as a grain growth 
inhibitor. For this reason we studied the 
Nd8Fe77Co5CuNb3B6 composition. The Co was added in or- 
der to increase the Curie temperature of the hard phase, thus 
enlarging the temperature range in which the magnets could 
be used. 

We also present the influence of the magnetic field an- 
nealing on the exchange coupling between the magnetic 
phases evaluated in terms of Mr/Ml5T. 

"'Electronic mail: hchiriac@phys-iasi-ro 

II. EXPERIMENT 

An alloy ingot of Nd8Fe77Co5CuNb3B6 was prepared by 
arc melting pure constituents (99.9% purity). Amorphous 
flakes up to 20-25 cm in length and 20-25 /xm in thickness 
were produced in an inert atmosphere by the melt spinning 
technique. For wheel circumferential speed of 18-40 m/s, 
the samples were obtained in an amorphous state. The 
nanocrystalline structure has been induced by annealing the 
samples at 700 °C for different periods of time in a range of 
2-20 min. Other samples were subjected to an external ap- 
plied magnetic field of 0.8 T during the same heat treat- 
ments. In order to evaluate the effect of the magnetic field 
annealing after each treatment the hysteresis loops were mea- 
sured using a vibrating sample magnetometer (VSM), and 
the strength of the magnetic interactions was evaluated by 
means of the remanence ratio M,.IM\ 5T. The structure of 
both as-cast and annealed ribbons was investigated by the 
x-ray diffraction (XRD) method. The Curie temperatures of 
the hard and soft magnetic phases were pointed out by the 
thermomagnetic curve. 

III. RESULTS AND DISCUSSION 

X-ray diffraction studies performed on as-cast ribbons 
present a broad maximum, which is specific to the amor- 
phous structure even using a wheel circumferential speed 
pcnc= 18 m/s. 

Influence of the annealing time of the amorphous rib- 
bons obtained for vci{C= 26 m/s, on coercivity, reduced rema- 
nence and maximum energy product is presented in Fig. 1. It 
seems that the most adequate time for heat treatment is that 
performed for 10 min, when the best magnetic properties of 
the investigated ribbons have achieved the following values: 
#c=3.95kOe, Sf=11.25kG, and (BH)mm=l5 MG Oe. 
We applied the magnetic field during heat treatment in order 
to induce a uniform nucleation of the grains and thus to 
improve the ferromagnetic exchange coupling effect between 
them. The exchange distance was deduced to be of the order 
of about 4 mm for the hard phase and of the order of at least 
40 nm for the soft Fe-based phase. If this latter distance 
exceeds the size of the grains, then strong interactions occur 
not only between the contacting hard grains but also between 

0021-8979/98/83(11 )/6628/3/$15.00 6628 © 1998 American Institute of Physics 
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FIG. 1. Influence of the annealing time at 700 °C on the magnetic properties 
of the melt-spun Nd8Fe77Co5B6CuNb3 ribbons. 

those which are not in contact, via neighboring soft 
particles.2 The effect of the magnetic field treatment on the 
magnetic properties of the Nd8Fe77Co5B6CuNb3 ribbons at 
different temperatures of annealing is illustrated in Fig. 2. 
Ribbons subjected to the magnetic field and heat treated at 
700 °C for different duration present different behavior of 
the magnetic characteristics. One can note that the magnetic 

4.5 

& 
4.0 

A 35 
£• 
•> 30 u 
1- 

& 2.5 

2.0 

- 
■ 
D 

H 

|   - magnetic field annealing 

O  -annealing 

D 

■ 
■ 

i i i 

200 

150 

100 

f 

-100 ■ 

-20 

  anneafog 
—- magnetic field annealing 

- 

■■'/              ^^ 

-10 -5 0 5 

H(kOe) 

20 

FIG. 3. Hysteresis loops of the melt-spun Nd8Fe77Co5B,5CuNb3 ribbons an- 
nealed at 700 °C for 10 min with and without applied magnetic field. 

properties obtained by performing heat treatments are im- 
proved by applying simultaneously a magnetic field. 

The remanence ratio is enhanced by applying a magnetic 
field. This result supports the assumption that the exchange 
coupling between magnetic phases is increased. The biggest 
enhancement in the Mr/Ml5T values is of 13% and corre- 
sponds to the treatment for which the maximum in coercivity 
is reached meaning that the grains behave as single-domain 
particles (see Fig. 1). 

Figure 3 illustrates the effect of the magnetic field ap- 
plied during the heat treatment at 700 °C for 10 min on an 
hysteresis loop. The enhancement of the Mr/Ml 5 T ratio by 
the applied magnetic field supports the assumption that the 
exchange coupling between magnetic phases is increasing. 
Figure 4 presents the thermomagnetic curve for the 
NdgFe77Co5B6CuNb3 ribbons. It follows that Co atoms are 
simultaneously diffused in Nd2Fe14B as well as in a-Fe and 
increase the corresponding Curie temperatures from the char- 
acteristic values of the above mentioned phases (316 °C and 
770 °C) up to about 360 °C and 820 °C, respectively. This 
increase is due only to the Co content. 
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FIG. 2. Coercivity and remanent ratio MrIM15T of the melt-spun 
NdsFe77Co5B6CuNb3 ribbons as a function of annealing time with and with- 
out applied magnetic field. 
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FIG. 4. Thermomagnetic curve of Nd8Fe77Co5B6CuNb3 ribbons magnetic 
field annealed at 700 °C for 10 min. 
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IV. CONCLUSION 

Summarizing, the addition of Cu and Nb leads to the 
improvement of the magnetic properties as a result of the 
nanocrystalline structure. The addition of Co results in an 
—50 °C increase in the Curie temperature of both hard and 
soft magnetic phases. The magnetic field annealing of the 
melt-spun Nd8Fe77Co5B6CuNb3 amorphous ribbons leads to 
improvement of the hard magnetic properties. The obtained 

H. Chiriac and M. Marinescu 

results suggest that the magnetic field applied during anneal- 
ing determines a uniform mixture of the soft and hard com- 
ponent magnetic phases. 
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Effect of TiC additions to the microstructure and magnetic properties 
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Rapidly solidified samples of Nd9 5Fe84 5B6 with and without 3 at. % TiC were prepared by melt 
spinning and melt extraction and then annealed in vacuum (3X 10~6 Torr) at temperatures from 
600 to 750 °C. For alloys melt spun under similar conditions, the overquenched state was achieved 
at wheel speeds >10 m/s for the TiC added alloy while >20 m/s was necessary without TiC. The 
overquenched samples contained a smaller fraction of a-Fe in smaller grains than the undercooled 
samples where Fe dendrites formed near the free surface during solidification. These Fe dendrites 
were not removed by annealing. In addition, large orientated 2-14-1 grains nucleated on the Fe 
dendrites. This combination is detrimental to the magnetic properties. The addition of TiC results in 
improved control of the microstructure over a larger fraction of the ribbon volume enhancing the 
magnetic properties.   © 1998 American Institute of Physics. [S0021-8979(98)31511-X] 

I. INTRODUCTION 

To achieve enhanced remanence in Nd-Fe-B alloys, 
numerous groups have shown that adding excess Fe and B 
improves the exchange coupling effect.1-4 The formation of 
secondary phases is dependent on the initial composition, 
melt-spinning parameters, and subsequent heat treatment. 
Additions of TiC have been shown to improve the quench- 
ability and inhibit grain growth during subsequent annealing 
for stoichiometric 2-14-1.5 A study of the effect of TiC ad- 
dition on a high remanence alloy was undertaken to see if 
TiC addition provides better quenchability and microstruc- 
tural control during subsequent annealing. The effect of pro- 
cessing and composition on microstructure will be discussed 
in light of a new model for rapid solidification in peritectic 
systems.6'7 

II. EXPERIMENTAL TECHNIQUES 

Nd9 5Fe84 5B6 with and without 3 at. % TiC was melt 
spun from 5 to 25 m/s in Ar then annealed in vacuum (3 
X 10"6 Torr) at temperatures from 600 to 750 °C. The TiC 
added alloy is designated HRT, the alloy without TiC, HR1. 
The microstructure of these samples was compared to 
samples of Nd95Fe845B6 melt-extracted at 45 m/s and an- 
nealed in a similar manner. The samples were analyzed using 
differential thermal analysis (DTA) to determine glass frac- 
tion, dc superconducting quantum interference device 
(SQUID) magnetometry to determine energy product, and 
vibrating sample magnetometry (VSM) to characterize Fe 
content. Microstructure and phase composition were studied 

"'Electronic mail: mjkramer@ameslab.gov 

by transmission electron microscopy (TEM) and x-ray dif- 
fraction (XRD). TEM samples were prepared by mounting 
the ribbons onto Cu ovals and Ar ion milling at 5 keV using 
a liquid nitrogen cooled stage. XRD was performed on 
ground and sieved (< 38 /mm) powder and on ribbon sur- 
faces. XRD on the wheel and free surfaces was previously 
shown to indicate variations in phase compositions and the 
presence of texturing in underquenched ribbons of stoichio- 
metric 2-14-1 composition.7 The optimally quenched state as 
a function of wheel speed was determined by the maximum 
in the energy products before heat treatment while the over- 
quenched state was achieved when the energy product was 
effectively zero (i.e., primarily glass). 

III. BACKGROUND 

To explain the evolution in microstructures in melt-spun 
Nd-Fe-B, the following model, based upon previous work 
on eutectic alloys, was developed.8 The microstructure pre- 
dicted by this model depends on the degree of undercooling 
achieved before nucleation occurs on the wheel surface. For 
the slightly undercooled condition, y-Fe dendrites solidify 
under a relatively low driving force which results in thick 
dendrites with numerous side-arms. When the material cools 
below the peritectic temperature, 2-14-1 nucleates epitaxially 
on the Fe with (1 ll)r.Fell(330)2.14.1 and 
[ 1 - 10]r.Fel|[00112-i4_i. Due to nucleation on the side-arms 
as well as the dendrite trunks, no significant texture of the 
2-14-1 is observed. Under moderate undercooling condi- 
tions, 2-14-1 nucleates and grows rapidly. But before the 
growth front reaches the free side of the ribbon, growth front 
temperature recaleses to the peritectic temperature. Since 
^peritectic is significantly below rliqUid, Fe dendrites then grow 
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FIG. 1. TEM bright field image of melt-extracted alloy annealed for 10 min 
at 600 °C. Note the large Fe dendrites with secondary branches. 

TABLE I. Maximum energy product (B//max) measured on B rich, high 
remanence alloys in the as-spun state and after 700 °C anneal for 10 min. 

Wheel 
HR1 (without TiC) HRT (with TiC) 

speed As-spun 700 °C As-spun 700 °C 
(m/s) (MGOe) (MGOe) (MGOe) (MGOe) 

5 0.36 0.18 0.5 0.6 
10 3.04 1.85 2.5 4.6 
15 10.1 6.26 0 14.13 
20 3.29 12.43 0 12 
25 0 11 0 12.3 

rapidly into the remaining liquid in the direction of the tem- 
perature gradient without side-arm formation. At the same 
time the initial 2-14-1 dendrites break up forming a layer 
seeded with 2-14-1 nuclei. The solidified ribbon consists of 
two layers, an equiaxed fine-grained 2-14-1 layer and an ori- 
ented coarse-grained 2-14-1 structure which nucleated from 
the Fe dendrites. At optimum undercooling, the 2-14-1 den- 
drites grow through enough of the ribbon to seed the entire 
ribbon so that when the dendrite breakup occurs following 
recalescence, a fine-grained equiaxed microstructure is 
formed. If the undercooling in sufficiently high, the critical 
undercooling rate for glass formation is reached in the layer 
of the ribbon on the wheel surface. The undercooling rate in 
the interior of the ribbon is lower and hence nucleation may 
occur after a finite thickness of glass is formed. On the other 
hand, at sufficiently high rates, the entire ribbon is glassy. 

IV. RESULTS 

Based on TEM and XRD results, the melt-extracted al- 
loy obviously formed in the slightly undercooled state. The 
XRD and VSM data show a large fraction of free Fe phase as 
expected from the stoichiometry (~ 17 vol % as determined 
by VSM). Large Fe dendrites were also observed in the TEM 
(Fig. 1). This is also supported by the low energy product 
which was not substantially changed with annealing. Higher 
undercooling was achieved with melt-spinning wheel speeds 
> 10 m/s. Based on magnetization data and XRD, HR1 was 
near its optimal quench at 15 m/s while it took only 10 m/s 
for HRT (Table I). Previous work showed that optimal as- 
spun magnetic properties are achieved with moderate 
undercooling.9 After annealing, the magnetic properties of 
both samples showed a slight decrease, most likely due to 
grain growth of the grains near optimal size. The XRD 
shows a substantial Fe peak for both samples. This is pre- 
dicted in the model since a small fraction of the ribbon will 
recalesence to the Tpentectic - where primary Fe will form. 

The overquenched state was achieved at wheel speeds 
> 10 m/s for HRT while > 20 m/s was necessary for HR1. 
The largest energy product for a given wheel speed was ob- 
tained using a 700 CC anneal for 10 min for both alloys. For 
the various wheel speeds, the highest energy product was 
obtained for those alloys melt-spun in the over quenched 
state, 15 m/s for TiC added (14.1 MGOe) and 20 m/s without 
TiC (12.4 MGOe), regardless of the annealing temperature. 
For the TiC added alloy, there is a drop in energy product 
with increasing  wheel  speed much beyond the optimal 

quench rate. The largest difference in magnetic properties 
between HRT and HR1 alloys after annealing was at 15 m/s 
while at 20 and 25 m/s the alloys showed similar properties. 
Here the improved energy product of the HRT alloy is pri- 
marily due to an increase in its coercivity compared to HR1. 
In fact, the remanence for HR1 at 20 and 25 m/s is better 
than HRT (Table II). 

While 700 °C is high enough to crystallize the amor- 
phous fraction, it is not high enough to cause substantial 
diffusion over a short time period. This is brought out in the 
XRD of the free surface of the ribbons (Fig. 2). Note that the 
HRT alloy shows a typical random pattern for 2-14-1 for 
both optimal (15 m/s) and overquenched (20 m/s) conditions, 
while the moderately undercooled HR1 alloy shows distinct 
texturing of the 2-14-1. As discussed above, the texturing of 
the 2-14-1 comes about from the growth of Fe during solidi- 
fication in underquenched ribbons when recalesence raises 
the temperature of the growth front above the peritectic tem- 
perature. 

TEM was performed to determine if there are any dis- 
tinct microstructural differences between the optimally to 
overquenched and annealed alloys. Dark field images 
showed little differences in either grain size or percentages 
of grain boundary (GB) phases except for HRT at 20 m/s 
which had slightly larger grains and increased GB phases 
(Fig. 3). The TiC particles were only observed in the GB 
region. As we expect a microstructural variation through the 
ribbon thickness, the regions observed may not be represen- 
tative of the entire ribbon due to the selective nature of TEM. 
Thus we cannot rule out the existence of significant differ- 
ences near the ribbon surfaces as demonstrated in the XRD 
of the free surfaces. 

From the solidification model, the formation of y-Fe oc- 
curs after the temperature of the solidification front reaches 

TABLE II. Remanence and coercivity for 700 °C annealed ribbons. 

HR1 (w thout TiC) HRT (with TiC) 

Wheel Remanence Coercivity Remanence Coercivity 
speed (m/s) (G) (Oe) (G) (Oe) 

5 2183 378 4343 676 
10 6000 1410 7809 3867 
15 5810 3911 8980 6336 
20 9616 5686 9362 6566 
25 9195 4666 8714 5337 
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FIG. 2. XRD patterns on free sides of (a) HRT alloy and (b) HR1 alloy 
melt-spun at 15 and 20 m/s then annealed at 700 °C. Note the strong en- 
hancement of the (001) lines for the 2-14-1 phase in the underquenched 
HR1 alloy which is absent in HRT. 

the peritectic temperature but before the liquid composition 
reaches the composition of the peritectic liquid. If the Fe 
forms primarily under conditions of high undercooling, fine 
dendrites form. These dendrites may easily be partially dis- 
solved into the liquid during the solidification of 2-14-1 from 
the pseudo-equilibrium liquid. This will result in a fine dis- 
persion of small Fe particles which will result in remanence 
enhancement. If the Fe dendrites form under low undercool- 
ing conditions, the dendrites are coarser. As a result the Fe 
which remains after solidification is larger than the optimum 
size and possibly large enough to promote reverse domain 
formation. It appears that for Fe rich compositions, the un- 
dercooling required to ensure rapid dendritic growth is such 
that a limited amount of glass is formed during initial solidi- 
fication. A short term anneal is sufficient to crystallize this 
glass without promoting significant grain growth. As in the 
stoichiometric material, the addition of TiC alters the growth 
kinetics so that more uniform microstructure may be ob- 
tained throughout the ribbon. 

Selection of elemental additions and processing condi- 
tions to modify the microstructure can be guided by the 
model presented here. Additions must show considerable 
solubility in the melt, yet limited solubility in the primary 
solidification phase, 2-14-1. Appropriate additions can pro- 
vide solute drag on the primary solidification features, pro- 
viding more time for the growth front to reach the free 
boundary. Solidification conditions must provide sufficient 
undercooling below the peritectic temperature so the den- 
drites of the primary solidification phase will reach the free 
boundary before recalesence raises the temperature above 
peritectic temperature. 

FIG. 3. TEM dark field images of samples melt-spun at 20 m/s and then 
annealed for 10 min: (a) HRT, (b) HR1. The 2-14-1 grain size is approxi- 
mately 80 nm. The smaller bright grains at the grain boundaries are mostly 
T/C [as determined by electron energy-loss spectra (EELS)] while the grain 
boundary phases were predominately Fe and Nd. 
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A shock compaction technique has been successfully applied for the consolidation of hard magnetic 
powders without appreciable changes in the phase structure and grain size. Pr-Fe-B and Sm-Fe-N 
materials, prepared with the application of melt spinning and mechanical alloying, respectively, 
were shock compacted with a shock wave speed of 1200 m/s and a pressure of 4.4 GPa. We found 
that the coercivity of high RE containing material, for which the magnetic hardness is controlled by 
good magnetic separation of magnetic grains by a RE-rich paramagnetic phase, decreases slightly, 
by ~5 %, due to the closer proximity of the crystallites in a dense material. For low RE, exchange 
coupled materials, the densification does not change the coercivity. © 1998 American Institute of 
Physics. [S0021-8979(98)21611-2] 

I. INTRODUCTION 

Fully dense, RE-based, permanent magnets are usually 
made either by liquid phase sintering1 or by hot working of 
melt-spun ribbon or mechanically alloyed powder2'3. Re- 
cently, a new type of nanocomposite material containing 
hard and soft magnetic phases (RE-Fe-B-aFe, Sm-Fe-N- 
aFe) with nanoscale grain size have been developed4"6. The 
improved magnetic properties of these materials are derived 
from ferromagnetic exchange coupling between the highly 
refined hard magnetic grains and from the presence of the 
aFe, which in both alloys has a higher saturation magneti- 
zation than the respective phase. Hard magnetic phases for 
these materials are Nd2Fe14B and Sm2Fe17N3, respectively. 
Their crystal structures are tetragonal for the former and 
rhombohedral for the latter with the easy magnetization di- 
rections parallel to the crystallographic c axes. The nano- 
crystalline materials are isotropic. However, hot working at 
high temperatures, which is usually used for consolidation 
and texture formation for microcrystalline materials, deterio- 
rates the nanocrystalline microstructure and leads to decom- 
position of low temperature stability phases such as 
Sm2Fe17N3. Thus, the commonly used method of consolida- 
tion of nanophase materials is currently based on resin or 
metal bonding which substantially reduces the remanence 
due to the presence of, typically, ~ 20 vol. of nonferromag- 
netic binder. 

Shock compaction of powders is one of the alternative 
consolidation techniques which enables production of bulk 
solids while avoiding prolonged heating7. This relatively 
new method involves a variety of processes which utilize 
rapid deposition of energy in the powder by shock waves. 

The application of shock compaction was already reported 
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for the processing of bulk Sm-Fe-N magnets '. Promising 
results were achieved by Mashimo et al.10 who produced 
shock compressed Sm-Fe-N anisotropic specimens having 
the magnetic properties: coercivity, jHc=450 kA/m and re- 
manence, Jr=1.14 T. 

In this study shock compaction was applied to the con- 
solidation of both crushed melt-spun ribbon and mechani- 
cally alloyed powders. The magnetic properties and micro- 
structures of the resulting consolidated magnets are 
presented and discussed. 

II. EXPERIMENTAL PROCEDURE 

Rapidly quenched Pr-Fe-B alloys were prepared as rib- 
bon by melt spinning (MS) of molten alloy on a rotating 
copper roll at speeds of 18-20 m/s in an argon atmosphere. 
The meltspun ribbon was pulverized to a fine powder. 
(Sm165Fe835)1_xNx and (Sm13.5Fe86.5)1_xNx dense compacts 
were processed by mechanical alloying (MA) in a ball mill, 
in an argon atmosphere for 50 h. The mechanically alloyed 
powder was annealed at 700 °C for 1 h and subsequently 
nitrided at 460 °C for 3 h. The powders were initially cold 
pressed up to 80% density (specimens - 8 mm diameter by 6 
mm height) and subsequently shock compacted using explo- 
sives at a pressure of 4.4 GPa within a time of 0.1-1 /AS. The 
shock wave speed was 1200 m/s11. 

The magnetic properties were measured using a vibrat- 
ing sample magnetometer (VSM) and a pulsed field hyster- 
esisgraph in magnetic fields up to 5 T. Microstructural inves- 
tigations were carried out using a Jeol 3010 transmission 
electron micrograph (TEM) equipped with an energy disper- 
sive spectrometer. 
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TABLE I. Magnetic properties (coercivity jHc, remanence Jr and maximum 
energy product (BH)max) of green compacts and shock compressed speci- 
mens. 

Green compacts Shock compressed Fully 
(80% of full (89%-97% of full density) dense 

density) material 

A Jr ,HC Jr (BH)max Jr 
Composition (kA/m) (T) (kA/m) (T) (kJ/m3) (T) 

Pr10Fe84B6 200 0.85 214 0.96 70 1.08 
PrI2Fe82B6 599 0.81 482 0.91 97 1.02 
Pr15Fe79B6 1490 0.59 1376 0.67 71 0.75 

Pri8Fe76B6 1348 0.62 1138 0.70 74 0.79 

(Smi3.5Fes6.5)i _XNX     2040 0.52 1900 0.64 58 0.66 
(Sm16.5Fe83.5), „XNX     1900 0.42 1860 0.51 40 0.53 

-2500       -1250 0 1250        2500 
H [kA/m] 

FIG. 2. Hysteresis loops for low and high Pr containing magnets. 

III. RESULTS AND DISCUSSION 

The major shock compaction parameter, wave speed, 
was 1200 m/s in this study and was selected on the basis of 
published data10. Thus, the difference in a final density ob- 
served can be explained by the lack of the wave speed opti- 
misation for particular powder precursor. The mechanically 
alloyed powder had a mean particle size of ~ 10 /mm and a 
mean crystallite size of —50 nm. For crushed melt-spun rib- 
bon the mean particle and grain sizes were —100 /an and 
— 50 nm, respectively. Generally, better densification, —97% 
of full density, was achieved for mechanically alloyed 
Sm-Fe-N powder. A lower value of — 89% of full density 
was obtained for the Pr-Fe-B crushed melt-spun alloy rib- 
bon. This difference we attribute to the smaller mean particle 
size for the former. Higher densities were also achieved for 
alloys having higher RE contents. 

The magnetic properties of materials before and after 
shock compaction are shown in Table I and Fig. 1. Hyster- 
esis loops for low and high Pr containing magnets are shown 
in Fig. 2. The coercivity (jHc) of shock compressed speci- 
mens did not differ significantly from their powder precur- 
sors. The remanence (Jr), normalized to a fully dense mate- 
rial, does not change for specimens before and after 
compressing which indicates that the processing does not 
significantly affect the phase constitution of the material. 
This suggestion was further confirmed by x-ray analysis 
which showed the same phase structures before and after 
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compressing (Fig. 3). This is especially important for 
Sm-Fe-N alloys because the Sm2Fe17N3 phase decomposes 
at —600 °C and the material thus cannot be processed at 
elevated temperatures. However, the actual remanence de- 
pends on the density; it is low for green compacts (about 
80% of full density) and increases for shock compressed 
specimens. This increase was greater for the MA than for the 
MS specimens, which in the present study showed insuffi- 
cient density. This was reflected in rather low values of re- 
manence and energy product for the melt-spun specimens. 

The effect of shock compaction on the microstructure 
was studied in detail for (Sm^sFeggs)].^ mechanically 
alloyed powder using TEM (Fig. 4). Following annealing 
and nitriding the powder had a mean particle size of —50 
/xm consisting of mainly crystallites of diameter 30-60 nm; 
however, some isolated large grains of diameter 300-500 nm 
were also visible. After shock compaction the grains had a 
greater size distribution with diameters 10-100 nm and a 
mean diameter of 60 nm. However, the very large grains had 
disappeared so that the microstructure appeared more homo- 
geneous, evidently due to the fragmentation of the large 
grains during the rapid compaction. Dark field images 
showed for larger crystallites, >50 nm diameter, the exis- 
tence of 5 nm sized substructure arising either from local 
misorientation (microtwins) or chemical inhomogeneities. 
The major phase was Sm2Fe17N3; however, small propor- 

. - Sm2Fe17N3 

' -SrnN 
o - «-he 

WVwW' UAHJI W*V^ 

i|j|      ||        ill ,■   •       I f,   . 

30 40 50 60 70 
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80 

FIG. 1. Magnetic properties of green compacts (g.c.) and shock compressed 
(s.c.) PrxFe94^xB6 specimens. 

FIG. 3. X-ray patterns for MA (Sm^jFeges)^.^ material before (a) and 
after (b) shock compressing. 
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FIG. 4. TEM micrographs of (Sm,3.5Fe86i5),_xNx shock compressed mag- 
net: (a) and (b) bright and dark field images, respectively, (c) electron dif- 
fraction. 

tions of SmN and a¥e were also visible. The energy disper- 
sive spectra (EDS) for this alloy indicated that the average 
chemical composition was Sm14 8Fe80 5N4 7. The higher ni- 
trogen content in the material (4.7 at%) consistent with the 

Sm2Fe17N3 compound reflects the measurement of average N 
content for both the Sm2Fe17N3 and the small inclusions of 
SmN phase. Dark field images revealed also the existence of 
thinner areas which could have arisen from dense inhomoge- 
neities in the shock compacted samples. 

We investigated the possibility of influencing the micro- 
structure of magnets by the addition of Zn powder. For this 
experiment we used two (Sm135Fe865),_xNx samples having 
different coercivities; low jHc (360 kA/m) — large grain 
milled ingot (particle and crystallite sizes both 3 fim) and 
high jHc (1900 kA/m) — nanocrystalline MA material (par- 
ticle and crystallite sizes 50 fim and 30-60 nm, respec- 
tively). The addition of Zn to the powders before shock com- 
paction resulted in a substantial increase of the coercivity for 
the former (up to 520 kA/m) and almost unchanged jHc for 
the latter (1930 kA/m). We relate the increase of jHc to better 
magnetic isolation of hard magnetic grains by a nonferro- 
magnetic Zn-rich phase; however the coercivity of MA pow- 
der is apparently close to a maximum level for this compo- 
sition and cannot be further improved. 
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Reversible processes and magnetic viscosity of nanocrystalline 
permanent magnets 

D. R. Cornejo,a) V. Villas-Boas, and F. P. Missell 
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The accurate determination of the magnetic viscosity parameter Sv requires the calculation of a new 
parameter 7j=(dMKV/dMin)H. which describes the dependence of reversible magnetization on 

irreversible magnetization. Measurements of the magnetic viscosity were performed at 300 K on the 
major demagnetization curves of two different nanocrystalline permanent magnetic materials: (i) 
melt-spun and flash-annealed Pr4Fe78Bi8 and (ii) mechanically alloyed and heat-treated 
Sm18Fe33Co49. We show that rj is proportional to the intrinsic reversible susceptibility x'^v > in E00^ 
agreement with predictions of the moving Preisach model. Measurements of the reversible 
susceptibility were made in order to determine rj. Experimental values of TJ are positive on the major 
demagnetization curve in both materials, resulting in substantial corrections to Sv near Hc. 
© 1998 American Institute of Physics. [S0021-8979(98)44311-l] 

[. INTRODUCTION 

The problem of separating the magnetization M into re- 
versible (Mrev) and irreversible (Mirr) components arises 
naturally in studies of the time dependence of M, In many 
materials, the time dependence of M in a constant field H 
can be described by the relation 

M(t) = M0 + Sln(l+t/t0), (1) 

where M0 and t0 are constants and S = S(D) is the magnetic 
viscosity, with D the demagnetization factor of the sample. 
Since S is sample shape dependent, another quantity Sv, the 
magnetic viscosity parameter, is more often used to charac- 
terize the time dependence of M. Sv is obtained in terms of 
5 and the irreversible susceptibility xin (also shape depen- 
dent) from the relation1 

Sv = S/Xm- (2) 

However, xm is a time-dependent quantity and care must be 
exercised in its determination. There are two common meth- 
ods for obtaining Xm ■ In the DCD method, Xm is taken to be 
the derivative of the dc demagnetization curve that is ob- 
tained by measuring the remanence after applying progres- 
sively larger reverse fields after positive saturation. Alterna- 
tively, Xm can t>e determined as the difference of Xtat 
~XKV> where ^tot is the total susceptibility measured on the 
major hysteresis loop and the intrinsic reversible susceptibil- 
ity X'KV is measured by defining it as the mean slope of a 
small minor loop performed after determining the time de- 
pendence of M. 

Schumann2 has shown, however, that the two methods 
for determining Xm can result in substantially different val- 
ues for this quantity. Crew et al? studied the resulting dif- 
ferences in Sv in terms of the Stoner-Wohlfarth model. They 
explained the differences in Sv in terms of a dependence of 
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Mrev on the configuration of domains in the material. This 
was expressed phenomenologically by Cammarano et al.4 

using the equation 

dMmv=x,
TevdHi+VdMh (3) 

where H{ = Hap-DM is the internal magnetic field. The 
quantities x'KV and 77 are given by 

= («?Mrev/<?//,-)*, 

and 

V=(dMrev/dMin)H (4) 

The parameter TJ measures the change in Mrev when the do- 
main configuration, represented by Mirr, is changed. The re- 
lation between the reversible, irreversible, and total suscep- 
tibilities is then altered when ?7#0: 

dMin/dH^ Xm=(Xto- xD'd + V)- (5) 

Using this relation, the relation between S and Sv becomes 

(6) VSV = S(1+ Dxtot+ VDXirr)/( 1 + *7)Xirr • 

This formalism has been used to discuss magnetic viscosity 
measurements in NdFeB5 and in exchange-coupled 
Sm2Fe14Ga3C2/a-Fe.6 

In this article we consider two exchange-coupled mate- 
rials with very different values of the reversible susceptibil- 
ity: (i) melt-spun and flash-annealed Pr4Fe78B18 and (ii) me- 
chanically alloyed and heat-treated Sm18Fe33Co49. For 
Pr4Fe78B18, x'mv. is about 30% of ^tot, while for 
Sm18Fe33Co49, X'KV is less than 5% of ^tot. We derive a 
relation between TJ and x'rev which is in agreement with pre- 
dictions of the moving Preisach model.7 This relation allows 
us to determine 97 and VSV for both materials. 

II. EXPERIMENT 

Partially amorphous ribbons of Pr4Fe78B18 were pro- 
duced by melt spinning in He on a mild steel wheel. They 
were annealed for 20 s at r=640°C by passing current 
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FIG. 1. Magnetic viscosity S as a function of the internal magnetic field Ht 

for Pr4Fe78B18 and Sm18Fe33Co49. 

through the sample, a process known as flash annealing. 
Previously, a Mössbauer analysis9 of flash-annealed 
Nd4Fe78B18 showed 80% of the absorption to be due to mag- 
netically soft Fe3B. The flash-annealed ribbons of Pr4Fe78B18 

had #c = 4.0kOe and MrIMs = QJl, thus showing 
enhanced-remanence behavior. Mechanical alloying of el- 
ementary Sm, Fe, and Co powders was carried out for 30 h 
with hardened steel balls in a hardened steel vial using a 
Fritsch Pulverisette-5 mill. As-milled powders composed of 
Sm18Fe33Co49 were cold pressed into 3 mm diam cylinders 
and heated in vacuum for 15 min at 700 °C. The x-ray dif- 
fraction pattern indicated that a mixture of the hard magnetic 
phases Sm(Fe, Co)5 and Sm(Fe, Co)7 had been formed. This 
alloy also presents remanence enhancement (Mr/Ms=0.6) 
and#c = 9.6kOe. 

All magnetization measurements were carried out at 
room temperature using a vibrating sample magnetometer 
(VSM) mounted in a 90 kOe superconducting solenoid. 
Magnetization measurements for times between 20 and 300 s 
were fitted to Eq. (1) to determine the magnetic viscosity S. 
From the fits to Eq. (1) we typically obtained values of t0 

= 1.5 s. After the viscosity measurement, the magnetic field 
was varied by 200 Oe to measure x'Kv. 

III. RESULTS AND DISCUSSION 

The magnetic viscosity (S) results in both Pr4Fe78B18 

and Sm18Fe33Co49 are presented in Fig. 1. In both materials 
we see that S presents a well-defined peak, centered at the 
coercive field Hc, the field at which Xm has its maximum 
value. Both sets of S values determined here are about the 
same order of magnitude as those encountered in two-phase 
Nd2Fe14B/a-Fe (Ref. 10) and exchange-coupled 
Sm2Fe14Ga3C2/a-Fe.6 The authors of Ref. 10 observed a 
systematic decrease in S as the fraction of soft magnetic 
phase present was increased. Here the larger viscosity is as- 
sociated with Pr4Fe78B18, the material with more soft mag- 
netic phase. A proper comparison, however, should involve 
materials containing the same phases. A systematic study of 
the behavior of S with the fraction of soft phase in SmFeCo 
will be presented elsewhere. 

_(a)Pr4Fe78B18 
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FIG. 2. The reversible susceptibility 4 ir^rev and parameter rj as a function 
of the internal field along the major hysteresis loop for (a) Pr4Fe78B|8 and 
(b) Sm18Fe33Co49. 

In order to determine Su from S using Eq. (6), ^irr was 
determined using Eq. (5) from the difference A,tot_A/rev 
where Xwt was derived from the major hysteresis loop and 
x'KV was measured by defining it as the mean slope of a small 
minor loop performed after determining the time dependence 
of M. Measurements of 4irx'tev for the two samples are 
shown in Fig. 2. We note that the maximum value of x'iev 

1S 

about 30% of Xtot for Pr4Fe78B18. On the other hand, in 
Sm18Fe33Co49, Xrev is small, about 5% of xtot. For 
Sm18Fe33Co49, we clearly observe a secondary peak in 
4Trx'rev at Hc. This occurs because ^J.ev is a function of both 
Hj and Mirr, as will be discussed below. The larger peak is 
associated with the inversion of the soft phase, while the 
smaller peak reflects the inversion of the hard magnetic 
phase. 

In order to determine 77 from the measured susceptibil- 
ity, one must integrate the identity (dr//dHj)M 

= {dx\JdMin)H.. In Ref. 6, the authors apparently used 

8Mm=Xm &H[ to evaluate the right-hand side of that iden- 
tity. But the right-hand side must be calculated with constant 
Hi. Using Eq. (4), the variation 8Min for the Ht constant can 
be written as SMin= SMKV/TJ, while the variation SHj for 
the MirT constant is given by SH',•= SMKVIx'xtv ■ The above 
identity then becomes 

X'widvl dMtey)M= 7){dx\J dMKV)H (7) 

One can show that (SMiev)M. =(SMrev)H. in the limit that 
SHi^O. Then, for <?#,->0, we have the relation dr//ij 
= dx'KV/Xav' which can be integrated to give 

V=(Vo'x'reJXn (8) 

Recently we applied the moving Preisach model to the 
problem of separating the magnetization into its reversible 
and irreversible components. We obtained7 a simple relation 
between 97 and the reversible susceptibility x'K\

: V—^x'rev 
where k is the moving parameter of the moving Preisach 
model. In that model, the effective magnetic field acting on 
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FIG. 3. The magnetic viscosity parameters Sv and nSv as a function of 
sample magnetization for (a) Pr4Fe78B18 and (b) Sm18Fe33Co49. 

the system is H=Ht + kM, where //, is the internal field and 
kM is a mean field term associated with the total magnetiza- 
tion M. This result suggests that the simple relation between 
7] and x'mv of Eq. (8) is, in fact, indicative of a collective 
behavior of the system. 

There then remains the problem of choosing the initial 
values of 77 and ;^ev for use in Eq. (8). We take TJ0= r/(Ht 

= 0) = MR   l{MR-MR   ),  where MR     is the reversible 
rev rev rev 

magnetization at remanence (Ht = 0) and MR is the total 
magnetization at remanence (H,- = 0).  Our choice of rj0 

would reduce to zero with MR   =0 at remanence. However, v 

Cammarano et dl.   and Crew et al? have noted that Mrev is 
not a reversible function of the internal field as is generally 
assumed, but instead exhibits a small hysteresis. We have 
observed the same behavior in our materials. Thus MR    was 

rev 

determined by integrating ;^ev between //, = 0 and the value 
of//; corresponding to Mrev=0. For Pr4Fe78B18, we obtained 
970 = 0.43±0.07. Using 4 77;^ = (1.1 ±0.1) G/Oe, we ob- 

tained rc = (5±2) Oe/G. For Sm18Fe33Co49, 770 = 0.07 
±0.01. Using 4T7xreVo=(0.020±0.005) G/Oe, we obtained 

rc=(40±30) Oe/G. We have not yet completed a moving 
Preisach model analysis of the materials studied in this ar- 
ticle and, therefore, have not yet determined values of k for 
these materials. However, our Preisach analysis11 of 
Sm18FeuCo71 yielded a moving parameter fc=39 
(4irMs/Hc) Oe/G~18 0e/G for that material, which is in 
reasonable agreement with the value found here for 
Sml8Fe33Co49. The calculated curves of 77 for the two mate- 
rials are shown in Fig. 2. 

The magnetic viscosity parameters Sv and ^5„ are 
shown as a function of the magnetization in Fig. 3 for 
Pr4Fe78Bl8 and Sml8Fe33Co49. For Pr4Fe78Bl8, the correction 
to Sv due to 77 approaches 40% for positive values of M, 
while for Sml8Fe33Co49 the correction is less than 20%. We 
note that smaller values of S„ and VSV are observed in 
Pr4Fe78Bi8 which contains a large fraction of the soft mag- 
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netic phase Fe3B. Insofar as Sv or VSV is related to the coer- 
cive field, then we would expect larger values for these quan- 
tities in Sm18Fe33Co49 where Hc is larger. 

Finally, we would like to comment on the origin of the 
hysteresis observed in Mrev. Using the relation r/=kxl

[ey in 
Eq. (3), we obtain 

dMI&v( 1 + kX
l
KV) = xUdHi + kdM). (9) 

We define the total internal field as Hit=Ht + kM and the 
total reversible susceptibility as xTev=dMiev/dHit=x'rev/ 
(1 + kx'iev). (This total internal field Hit is analogous to the 
effective field acting in the moving Preisach model.12) We 
note that x'KV is a function of both //, and Mirr and, therefore, 
is not reversible with regard to variations in //,. On the other 
hand, x'KV is a single-valued function of Hit and is com- 
pletely reversible with regard to that field.7 

IV. CONCLUSIONS 

We have determined the magnetic viscosity parameter 
VSV for the nanocrystalline exchange-coupled alloys 
Pr4Fe78B18 and Smi8Fe33Co49, two materials for which the 
reversible contributions to the susceptibility are quite differ- 
ent. The dependence of the reversible magnetization on the 
magnetic domain structure (irreversible magnetization), as 
expressed through the parameter 77, was determined and was 
used to correct Sv. In both cases the parameter 77 was deter- 
mined from x'iev using the relation 77= (770 /xLv0)xL > which 
is similar in form to a relation derived previously7 within the 
context of the moving Preisach model: r/=kx'KV. The sys- 
tematic relationship, observed previously,10 between S and 
the amount of soft magnetic phase present could not be in- 
vestigated here but will be considered in the SmFeCo sys- 
tem. 

ACKNOWLEDGMENTS 

The authors thank FAPESP, CNPq, CAPES, and FINEP 
who provided financial support. 

'D. Givord, P. Tenaud, and T. Viadieu, IEEE Trans. Magn. 24, 1921 
(1988). 

2R. Schumann, J. Magn. Magn. Mater. 150, 349 (1995). 
3D. C. Crew, S. H. Farrant, P. G. McCormick, and R. Street, J. Magn. 
Magn. Mater. 163, 299 (1996). 

4R. Cammarano, P. G. McCormick, and R. Street, J. Appl. Phys. 75, 5481 
(1994). 

5D. C. Crew, P. G. McCormick, and R. Street, IEEE Trans. Magn. 32, 4356 
(1996). 

6E. H. Feutrill, P. G. McCormick, and R. Street, J. Phys. D 29, 2320 
(1996). 

7D. R. Cornejo and F. P. Missell (unpublished). 
8V. Villas-Boas, S. A. Romero, and F. P. Missell, J. Appl. Phys. 81, 4434 

(1997). 
9M. V. P. Altoe, M. S. Lancarotte, H. R. Rechenberg, F. P. Missell, and J. 

M. Gonzalez, IEEE Trans. Magn. 31, 3614 (1995). 
10 E. H. Feutrill, P. G. McCormick, and R. Street, Magnetic Anisotropy and 

Coercivity in Rare-Earth Transition Metal Alloys (World Scientific, Sin- 
gapore, 1996), pp. 457-463. 

11D. R. Cornejo, M. Lo Bue, V. Basso, G. Bertotti, and F. P. Missell, J. 
Appl. Phys. 81, 5588 (1997). 

12V. Basso and G. Bertotti, IEEE Trans. Magn. 30, 64 (1994). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Magnetic properties of RFe^.sMoLsC* and their nitrides 
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RFeio.5Moj.5Q (R=Y, Nd, and Dy; x = 0-0.6) have been successfully synthesized by arc melting, 
then followed by a gas-solid phase reaction to form YFe10.5Moj.5QNy. X-ray diffraction studies 
and thermomagnetic analysis show that all samples are of good single phase, and carbides and 
carbon nitrides remain the ThMn,2-type structure. The addition of carbon atoms has an effect of 
improving the magnetic properties. Both Curie temperature and saturation magnetization are found 
to be increased with carbon concentration x in the RFejo.5Moj.5Q series, and the carbon atoms also 
affect the magnetocrystalline anisotropy. The easy axial anisotropy of NdFejo.5Moj.5Cj and 
DyFejo.5Moj.5Q is enhanced. As to the nitrides, the results indicate that YFe10.5Moj.5QNy possess 
a higher Curie temperature and a larger saturation magnetization than YFejo.5Moj.5Ny, which is of 
significance in the technical applications. © 1998 American Institute of Physics. 
[S0021-8979(98)21711-7] 

I. INTRODUCTION 

It has been found that the magnetic properties of the 
ThMnj2-type compounds can be drastically improved by in- 
troducing of nitrogen or carbon atoms into the structure. " 
Owing to their excellent intrinsic magnetic properties, the 
nitrides and carbides of the ThMn12-type compounds have 
been regarded as promising candidates for permanent magnet 
applications. Unfortunately the nitrides or carbides prepared 
by gas-solid phase reaction are metastable compounds and 
they will disproportionate at temperature higher than 700 °C 
in general. Thus the conventional high-temperature powder 
metallurgy is not applicable to these materials. 

Besides gas-solid phase reaction, there are many prepa- 
ration techniques for carbides: (a) melting of constituents in 
arc or induction furnace,5"8 (b) synthesis from heavy hydro- 
gencarbon compounds,9 and (c) solid-solid phase 
reaction.10'11 Above all, the advantage of carbides prepared 
by melting method is stability in high temperature. However, 
the single phase carbides with ThMnj2-type structure are dif- 
ficult to be synthesized by melting method, especially when 
the carbon content is larger than 0.3. 

Yang et al. studied the effects of carbon on the structural 
and magnetic properties of RTiFejo.75Co.25.5 It was found 
that introducing the carbon atoms by arc melting have no 
effect on the Curie temperature, but the saturation magneti- 
zation is increased and the unit cell volume is decreased 
slightly with carbon content. They also reported that intro- 
ducing the carbon atoms by arc melting increases the planar 
anisotropy for rare-earth ions with the negative second-order 
Stevens constant a} such as Nd3+ and Dy3+, and strengthens 
the axial anisotropy for those with positive a3 such as Sm3+. 
The effect of arc-melting additions of carbon atoms is differ- 
ent from that of the interstitial nitrogen or carbon atoms in- 
troduced by the gas-solid phase reaction. Zhang et al? and 
Hu et a/.8 published their results of neutron diffraction ex- 
periment carried out on YFenTiCo.3 and ErFenTiCo.25 pre- 
pared by arc melting. They found that all of the carbon atoms 

a)Electronic mail: wmao@ibm320h.phy.pku.edu.cn 

introduced by arc-melting method occupy 81* sites, not the 
interstitial 2b sites. Hu et al. also studied the structure of 
YFe10.5Moj 5C0.3 prepared by arc melting, and he found it is 
different from R(Fe,Ti)j2Q compounds though all of the car- 
bon atoms introduced by arc melting. He reported that only 
about 40% carbon atoms occupy 8 i sites and the others oc- 
cupy 2b sites in YFej05Moj 5C03. Since the location of arc 
melting introduced carbon atoms in the compounds 
Y(Fe,Mo)j2Q is different from that of R(Fe,Ti),2Q, the ef- 
fect of carbon on the magnetic properties of R(Fe,Mo)j2Q 
would be different from that of R(Fe,Ti)12Q. But no sys- 
tematic studies on magnetic properties of the R(Fe,Mo)j2Q 
prepared by arc-melting method are reported in literature. 
Since a part of carbon atoms occupy the 2b interstitial sites 
in the RFe12_jMOjCy compounds, the interstitial modifica- 
tion might be significant if carbon content is large enough. It 
is imperative to study the magnetic properties of arc-melting 
RFe12_jMOjCy with a high carbon content. 

In this article, the magnetic properties of RFej0.5Moi.5Q 
(R=Y, Nd, and Dy; * = 0-0.6) are reported. The combina- 
tion effects of carbon and nitrogen in the YFejo.5Moj.5QN>, 
compounds are also investigated. 

II. EXPERIMENTAL METHOD 

YFeio5Moi.5Q (jc = 0, 0.2, 0.4, 0.6), NdFejo.5Moj.5Cj 
(x = 0, 0.2, 0.4), and DyFejo.5Moj.5Cj (* = 0, 0.2, 0.4, 0.6) 
were prepared by arc melting of 99.5% pure materials in a 
purified argon atmosphere. The carbon was introduced as 
Fe-C alloy. Carbon nitrides were prepared by passing puri- 
fied nitrogen gas at atmospheric pressure over finely ground 
carbides powder samples (about 10-30 /mm) at 400-600 °C 
for 2-6 h, then rapidly cooling to room temperature. The 
nitrogen content (y) of YFejo.5Moj.5QN,, was determined 
by weight increment upon nitrogenation. X-ray diffraction 
was used to determine the structure. The powder sample of 
cylindrical shape was aligned in a 20 kOe field in epoxy 
resin. Magnetic measurements are performed with a field of 
up to 20 kOe in a temperature range from 80 to 1000 K by 
using a vibrating sample magnetometer (VSM). 

0021 -8979/98/83(11 )/6640/3/$15.00 6640 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 

2000 

Mao ef al. 6641 

1500 

w  1000 
c 
CD 

500 

YFei0.5M°1.5C0.6 

»4%<AAW\N/ w \^h»ffAi»tf       Vf\nf 
30 35 40 45 

20 ( degree) 

FIG. 1. The x-ray diffraction pattern of YFe^.sMO]5C0. 

III. RESULTS AND DISCUSSION 

A. Crystallographic structure 

According to the x-ray diffraction studies and fhermo- 
magnetic analysis, all samples are found to remain the 
ThMn12-type tetragonal structure, and, no a-Fe phase is ob- 
served. Figure 1 illustrates the x-ray diffraction patterns of 
YFejo.sMo! 5C06. The lattice parameters are listed in Table I. 
The cell volume increases with the carbon content, which is 
different from the case of R(Fe,Ti),2Ci: .5 These results sug- 
gest that a significant part of carbon atoms are introduced 
into the interstitial sites. 

B. Curie temperature and saturation magnetization 

The Curie temperature (Tc) and saturation magnetiza- 
tion Os) of RFejo^Mo! 5CX (R=Y, Nd, and Dy) are indi- 
cated in Table I. The carbon atoms have an effect of increas- 
ing both Curie temperature and saturation magnetization. 
Since yttrium is nonmagnetic, the moment of yttrium com- 
pounds represents that of the Fe sublattice. The carbon in- 
creases the average magnetization of Fe atoms in the lattice. 

0.0     0.2     0.4     0.6     0. 

Carbon  content x 

FIG. 2. Average Fe moments of YFe105Mo! 5C^ vs carbon content (the solid 
dot is the average Fe momnet of YFe10.5Moi 5N). 

The variation of average Fe magnetic moments as a function 
the carbon content (x) is illustrated in Fig. 2. The results 
could be extrapolated to x— 1, and at that point, average Fe 
moment is about 1.65/J,B at room temperature. The average 
Fe moment in the YFe10 5Moi 5N is 1.60/AB (the solid dot in 
Fig. 2). It indicates that the arc melting introduced carbon 
atoms have a similar effect on the average Fe magnetic mo- 
ments to that of nitrogen atoms. 

C. Magnetocrystalline anisotropy 

The anisotropy field HA is calculated by using 
Sucksmifh-Thompson method.12 The results are listed in 
Table I. 

The carbon effect on the magnetocrystalline anisotropy 
of the Fe sublattice can be deduced from the yttrium com- 
pounds YFe10.5Moj 5CX. There is a slight decrease trend with 
the carbon content, which is similar to the interstitial nitro- 
gen effect. 

The arc melting introduced carbon atoms also have a 
drastic effect on the magnetocrystalline anisotropy of the 
rare-earth sublattice. The HA of RFe10.sMoj 5CX (R=Nd and 

TABLE I. The lattice parameters a and c, unit-cell volume V, Curie temperature Tc, saturation magnetization 
a, magnetic anisotropy field HA, and nitrogen content y of RFejosMo^Cj (R=Y, Nd, and Dy) and 
YFe,n.5Mo,.5aNv. 

a c V Tc <r. HA 

(A) (A) (A3) (K) (emu/g) (kOe) y 

YFe10.5MoL5 8.540 4.791 349.4 433 78.66 9.33 
YFe10.5MoL5C0.2 8.546 4.792 350.0 460 87.41 9.69 
YFe105MoL5C0.4 8.560 4.794 351.3 480 95.95 8.05 
YFe,o.5Mo1.5C0.6 8.584 4.800 353.7 488 101.74 6.81 
NdFe105MoI5 8.609 4.799 355.7 427 102.6 4.46 
NdFeio.5Mo1.5Co.o2 8.613 4.798 355.9 444 108.6 6.03 
NdFe10.5Mo,.5Co.4 8.613 4.803 356.3 452 110.4 8.64 
DyFe10.5Mo,.5 8.543 4.793 349.8 457 52.60 17.3 
DyFeio.5Mo15Co.2 8.551 4.790 350.2 479 57.63 21.7 
DyFe10.5Mot.5C0.54 8.556 4.790 350.7 488 63.78 32.5 
DyFe10.5MoI.5C0.6 8.560 4.794 351.3 490 66.96 35.5 
YFe.o.sMot.sN, 8.666 4.810 361.2 614 113.9 7.36 1.03 
YFem.5MoL5C0.1N,, 8.659 4.805 360.3 616 117.4 7.43 0.90 
YFe10.5MoL5C0.2Nj, 8.670 4.807 361.3 629 117.0 7.00 0.77 
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FIG. 3. Magnetization curves of DyFe105Mo15C^ (x = 0 and 0.6) at 300 K, 
parallel and perpendicular to the orientation direction. 

Dy) increases with the carbon content (see Table I). The easy 
axial anisotropy of DyFeiojMo^C^ is significantly en- 
hanced, as shown in Fig. 3, in which the magnetization 
curves of DyFejosMo^C,. (x = 0 and 0.6) are illustrated. In 
the case of R=Nd, the similar results are observed. A spin 
reorientation occurs in NdFe10^Moj 5CX, when x = 0 and 0.2. 
The spin reorientation results from the competition between 
the easy-plane anisotropy of the Nd3+ sublattice and the 
easy-axial anisotropy of Fe sublattice. The spin reorientation 
temperature (SRT) of NdFe105Mo!5 is 170 K, while it de- 
creases to 135 K with NdFe105Mo15Co.2. In the case of 
NdFe^^Mo! 5C04, no spin reorientation is detected above 80 
K. It could be concluded that the addition of carbon leads to 
a change in the the anisotropy of the Nd3+ ions, which have 
a tendency to transform their easy magnetization direction 
from easy plane to easy axis. 

As to the magnetocrystalline anisotropy, the effect of the 
arc melting introduced carbon atoms of the RFe105Mo, 5C,. is 
similar to that of interstitial nitrogen and carbon atoms which 
are introduced by gas-solid phase reaction. These results in- 
dicate that there is a significant part of carbon atoms intro- 
duced into the interstitial 2b site. When the carbon atoms 
occupy 2b site, they could change the second-order crystal- 
field coefficient A2Q from negative to positive. As a result, 
the easy magnetization direction of rare-earth ions with the 
negative second-order Stevens constant otj such as Nd3+ and 
Dy3+ may change from easy plane to easy axis. 

D. Combination effect of carbon and nitrogen 

After nitrogenation, the x-ray diffraction studies and 
thermomagnetic analysis indicate that all nitrides of 
YFe10.5Mo! 5CX remain ThMn12-type structure and no a-Fe 
phase is observed. The lattice parameters and unit cell vol- 
ume are listed in Table I. 

The Curie temperature and saturation magnetization of 
carbon nitrides increase rapidly. This is due to the effect of 

interstitial modification. It should be noted that the Curie 
temperature and saturation magnetization of carbon nitrides 
are larger than those of carbon free nitride (x = 0). The satu- 
ration magnetization of carbon nitrides is larger than simple 
nitride by 3-4%. It proves a method to enhance the satura- 
tion magnetization of nitrides, which is of significance in the 
technical applications. 

The nitrogen content (y) in the YFe^Mo!^CxNy is 
listed in Table I. The average error of y is 0.05. It is very 
interesting that the nitrogen contents decrease with the in- 
creasing of carbon content and their sums (x + y) approxi- 
mate 1. In order to characterize carbon location in the 
R(Fe, Mo)12 compounds and its effect on the local magnetic 
moments, the neutron diffraction experiments with the rela- 
tive carbides are in progress. 

IV. CONCLUSION 

In conclusion, the carbon atom introduced by arc melt- 
ing not only have an effect of increasing both Curie tempera- 
ture and saturation magnetization of R(Fe,Mo)12 compounds, 
but also give rise to an change in the magnetocrystalline 
anisotropy. Their effects are similar to those of the nitrogen 
or carbon atoms introduced by gas-solid phase reaction, but 
the arc-melting carbides are much more stable in the high 
temperature than those prepared by gas-solid phase reaction. 
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Effects of nitrogen contents and substrate temperatures to the microstructure and magnetic 
properties of the FeCoN films have been investigated. According to the TEM and x-ray Scherrer's 
equation analyses, we found that the grain size of films with substrate temperature below 200 °C is 
roughly about 13 nm, however, it increases very fast for films with substrate temperature above 
300 °C. N content in the films is saturated to 30 at. %, as N2 flow ratio N2/(Ar+N2) is higher than 
5 vol. %. From the magnetization studies, we have found that the saturation magnetization 4TTMS 

of the optimum samples (with the substrate temperature near 200 °C) is 23.9 kG. The improvement 
of the magnetic properties is attributed to the combination of a-Fe with N to form the high magnetic 
moment FeN phases.   © 1998 American Institute of Physics. [S0021-8979(98)35011-2] 

I. INTRODUCTION 

A soft magnetic film with high saturation magnetization 
4TTMS is required for use in a high-density magnetic record- 
ing head. Recently, extensive efforts have been made to im- 
prove the soft magnetic properties of Fe-based films.1-7 Ac- 
cording to the Pauling-Slater curve, Fe-Co alloys have the 
highest magnetization of iron alloy. Takahashi et al.s pre- 
pared FeCo nitride film onto a polyimide substrate by ion- 
assisted normally vapor deposition method. They found that 
the film was columnar structure with large grains of about 
500 Ä and maximum ATTMS occurred at the Co content of 
about 32 at. %. Their films have large perpendicular mag- 
netic anisotropy and N content of the film is unknown. On 
the other hand, Liao9 reported that electrodeposited Fe90Co10 

films show a high 4irMs value of 19 kG and good soft 
magnetic properties. Recently, Nakagawa et al.10 examined 
the FeCoN and FeCoTaN films which prepared by facing 
targets sputtering with N2+Kr mixture gas. They found that 
4 TTMS of the film was decreased with increasing N2 partial 
pressure. Pure Fe90Coi0 alloy film has an extremely large 
4TTMS of about 24 kG. In this report, we investigate the 
effect of substrate temperature and N content on the mag- 
netic properties and microstructures of sputtered FeCoN 
films. 

II. EXPERIMENT 

(FeogCooj^oo-jN.,. films with x=0-30 were prepared 
on a precleaned glass substrate by reactive RF magnetron 
sputtering in N2 and Ar mixed atmosphere. The flow ratio of 
nitrogen to argon and nitrogen, i.e., N2/(Ar+N2), during 
sputtering was varied between 0 and 10 vol. %. The substrate 
temperature was varied between 25 and 400 °C Composite 

target consisting of pure Fe disk overlaid with Co pieces was 
used in this experiment. The base pressure in the system with 
a turbo pump was 1X 10~6 Torr, and after the high purity 
Ar-N2 mixed gas was introduced, sputtering pressure was 
1 X 10~3 Torr. Thickness of the films was about 200 nm. 

Structure and grain size of the films were determined by 
using x-ray diffractometer (XRD). Thickness of the films 
was measured by a Sloan DEKTAK-3-0305ST a-step pro- 
filometer. Magnetic properties of the films were measured 
with vibrating sample magnetometer (VSM) at room tem- 
perature with maximum applied field of 12 kOe. Composi- 
tion, N content, and homogeneity of the films were deter- 
mined by depth profiling analysis of Auger electron 
spectroscopy (AES). 

III. RESULTS AND DISCUSSION 

Figure 1 shows the N contents in pure Fe, Co, and 
Fe90Co10 films as a function of N2 flow ratio during sputter- 
ing, i.e., (N2/Ar+N2)Xl00%, with the substrate tempera- 
ture Ts kept at 25 °C It can be seen that N content in the 
films increases dramatically with increasing N2 flow ratio 
when N2 flow ratio is lower than 5 vol. %. This is because N 
atoms can easily occupy interstitial sites of crystal lattice 
during deposition as N2 flow ratio is lower than 5 vol. %. N 
content in the film is saturated as N2 flow ratio is higher than 
5 vol. % for all films. This is due to that all interstitial sites 
of crystal lattices in the film are occupied. Saturated N con- 
tent of Fe film is about 32 at. % which is equal to the N 
content of £-Fe2N phase.11 £-Fe2N phase is nonmagnetic and 
has maximum equilibrium N content in Fe-N binary 
system.12 The maximum N contents of Fe90CoI0 and Co 
films are 30 and 23 at. %, respectively. Figure 2 presents a 

0021 -8979/98/83(11 )/6643/3/$15.00 6643 © 1998 American Institute of Physics 
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FIG. 1. Variation of N content with N2 flow ratio of Fe, Fe90CO|0 and Co 

films. The substrate temperature is kept at 25 °C. 

typical depth profile of a FeCoN film analyzed by Auger 
electron spectroscopy (AES). We can see that the composi- 
tion of this film is approximately (Fe09Co01)70N30. It is cali- 
brated by a standard of bulk Fe50Co50 alloy. Because the 
films were exposed to air prior to AES analysis, near the 
surface of the films, O and C were always observed as shown 
in Fig. 2. 

Typical microstructure of the (FeogCoo^^o-^N^ films 
is shown in Fig. 3. Figure 3(a) is a TEM photograph of the 
(Fe09Co0.i)77N23 film with substrate temperature of 25 °C. 
We can see that the film has a nanocrystalline structure and 
its average grain size is about 13 nm. In Fig. 3(b), from the 
diffraction lines of the electron diffraction pattern of this 
film, we noticed that e-Fe2_3N, Co2N, y'-Fe4N, and 
£-Fe2N phases are included. 

Figure 4 shows the saturation magnetization 4irMs and 
coercivity Hc as a function of N content in 
(Feo.gCoo^ioo-j.Rt films with its substrate temperature at 
25 °C. It is clear that 4 TTMS , and both in-plane coercivity 
Hd and perpendicular coercivity Hcl of the films increase 
slowly from 22 to 22.8 kG, 12 to 18 Oe, and 22 to 30 Oe, 
respectively, for N less than roughly 13 at. %. However, 

E-Fe2.,N(20l) 
e -Fe„N(103) 

CojN(130) 
e -FeiJN(102) 
Co,N(lll) 

T-Fe4N(lll) 
r-Fe<N(2U) 

C -FejN(042) 

FIG. 3. TEM micrograph and electron diffraction pattern of 

(Fe09Co0])77N23 film with Ts = 25 °C. (a) is the microstructure of planar 
section and (b) is the corresponding electron diffraction pattern. 

4TTMS decreases and both //c's increase rapidly as N content 
is larger than 13 at. %. When N content is approached to 30 
at. %, both Hc increase to about 150 Oe and AtrMs decreases 
to about 2 kG due to the formation of £-Fe2N phase in the 
film. The perpendicular coercivity Hcl is slightly higher than 
that of the in-plane coercivity Hc\\. This indicates that the 
film is almost magnetic isotropy as substrate temperature is 
kept at 25 °C. 

Figure 5 shows the relation between ATTMS, H^, HCL 

and substrate temperature Ts of the (Fe0i9Co0])100_INA. films 
prepared with the flow ratio of N2 at 1 vol. % during sput- 
tering. According to the AES analysis, the N content of the 
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FIG.   5. 
(Fe09Co0 
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Substrate Temperature Ts (°C) 

The   change   of   4-rrMs, Hcll,    and   HcL   against   Ts   for 
Oioo-jNjj films. N2 flow ratio is 1 vol. % during sputtering. 

film was found to decrease from 13 at. % for Ts=25 °C to 
10 at. % for Ts= 100 °C, 8 at. % for T= 200 °C, and 3 at. % 
for Ts = 400 °C. It can be seen that HA increases monoto- 
nously from 25 to 165 Oe when Ts increasing from 25 to 
400 °C, but Hcl of the film is increased rapidly from 25 to 
530 Oe. It is obvious that magnetic easy axis is in the film 
plane, as Ts is higher than 25 °C. The increasing of coercivi- 
ties with Ts is owing to that N content of the film is de- 
creased with increasing Ts. From the x-ray diffraction pat- 
terns study of the films at various Ts, we found that the 
amount of high coercivity FeCo phase is increased with Ts. 
For example, Fig. 6 shows curves (a) to (c) with their sub- 
strate temperatures at 25, 100, and 200 °C, respectively. 
When Ts is higher than 300 °C, only the FeCo peak can be 
detected by x-ray diffractometer. According to the x-ray 
Scherrer's equation analysis from the diffraction peak of 
FeCo(100), we found that the grain size of the films with 
substrate temperature below 200 °C is roughly about 13 nm, 
however, it increases very fast for films with substrate tem- 
perature above 300 °C. 

The 4TTMS in Fig. 5 shows a minimum value of 21.7 kG 
around 100 °C, and a maximum value of 24 kG at Ts 

= 200 °C. Comparing with the x-ray diffraction peaks of 
Figs. 6(a), 6(b), and 6(c), we can see that these films all 
contain high moment FeCo and a' — Fe6_10N phases.13 From 
this point of view, variation of the ATTMS of film with Ts is 
due to the change of N content in the film, i.e., amounts of 
various FeN, FeCo, CoN, a-Fe phases in the film are 
changed. 

IV. CONCLUSIONS 

In conclusion, effects of nitrogen contents and substrate 
temperatures to the microstructure and magnetic properties 
of the (FeogCoo^oo-jNj films with x = 0-30 films have 
been investigated. TEM observation found that they have 
nanocrystalline structure. When N content of the film is 

■:Co,N 

l:o-Fot„N 

42 44 46 

2 9(deg) 

FIG. 6. X-ray diffraction patterns of various (FeojCoo^oo-^Nj. films. N2 

flow ratio is 1 vol. % during sputtering and substrate temperatures are (a) 
Ts = 25 °C, (b) T= 100 °C, and (c) Ts = 200 °C. 

lower than 13 at. %, it contains high moment 
a'-Fe6_10N, FeCo, and y'-Fe4N phases. The 
(Fe09Co01)92N8 film which prepared at substrate tempera- 
ture of about 200 °C and N2 flow ratio of 1 vol. % has maxi- 
mum ATTMS of 23.9 kG. As N content of the film is higher 
than 20 at. %, 4 vMs of the film decreases rapidly due to the 
formation of nonmagnetic £-Fe2N phase in the film. 
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Fe-Zr-N thin films were deposited in an argon and nitrogen mixed atmosphere using a rf 
magnetron reactive sputtering apparatus at room temperature. The x-ray diffraction pattern of the 
Fe76Zr8Ni6 thin film obtained at room temperature indicates that the as-sputtered film consists of 
amorphous and crystalline phases. The mixed structure of the sample was also confirmed by the 
temperature dependence of the saturation magnetic flux density. The as-sputtered film exhibited soft 
magnetic properties with a saturation magnetic flux density of 1.1 T and effective permeability of 
1400 or more at 1 MHz. The film also showed good thermal stability, sustaining the effective 
permeability of 3000 at temperatures up to 550 °C. The film annealed in a magnetic field of 500 Oe 
at 450 °C showed a permeability of 2200 or more up to 40 MHz. The conventional Mössbauer 
spectrum of the kapton substrate sample obtained at room temperature could be fitted by a mixture 
of three kinds of six-line hyperfine splittings. © 1998 American Institute of Physics. 
[S0021-8979(98) 16711-7] 

I. INTRODUCTION II. EXPERIMENT 

Recently various investigations have been performed on 
the development of soft magnetic materials with high satu- 
ration magnetic flux densities that would be useful for high 
density magnetic recording systems.1-3 High saturation mag- 
netic flux densities and excellent soft magnetic properties at 
high frequencies are essential for magnetic recording head 
materials. To reduce the magnetocrystalline anisotropy of Fe, 
most of these investigations on Fe-based alloy films are con- 
centrated on research to reduce the grain size of magnetically 
coupled a-Fe. It is reported that the addition of a B, N, or C 
element to Fe-based alloy reduces the grain size, but high 
temperature treatments often prevent the fine grain size to be 
maintained.4-6 

Fe-M-N (M=Zr, Hf, Ta, Nb) ternary systems7 also ex- 
hibit excellent soft magnetic properties even after heat treat- 
ments above 550 °C. The Fe-Zr-N ternary alloy, especially, 
has merits for practical use, such as low material cost and a 
wide range of composition in which desirable soft magnetic 
properties can be achieved. 

In this work, Fe-Zr-N thin films were made using a rf 
magnetron sputtering technique, and the dependence of the 
magnetic properties of the samples, such as the saturation 
magnetic flux density and the effective permeability, on the 
annealing temperature were examined. In order to investigate 
the thermal stability of the film, the temperature dependence 
of the saturation magnetic flux density of the sample was 
studied. Also, the magnetic hyperfine field of Fe particles in 
the sample was examined by conventional Mössbauer spec- 
troscopy. 

Fe-Zr-N thin films were deposited on various substrates 
(Corning glass No. 7059, a Si wafer, and kapton) in an argon 
and nitrogen mixed atmosphere using a rf magnetron reac- 
tive sputtering apparatus at room temperature. In order to 
avoid oxidation of the films during annealing, the silicon 
dioxide film was coated with a thickness of 1000 Ä. The 
as-sputtered film was annealed at 200-700 °C for 30 min in 
a nitrogen atmosphere. The background pressure was lower 
than 7.0X 10~7 Torr. A mixture of argon and nitrogen with a 
purity 99.999% was used as the sputtering gas. The deposi- 
tion gas pressure was fixed at 6 mTorr, and the partial pres- 
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FIG. 1. The x-ray diffraction pattern of the as-sputtered Fe76Zr8N)6 thin 
film. 
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FIG. 2. Thermomagnetic diagram of the Fe76Zr8N16 thin films. 

sure of the nitrogen was 5%. The thickness and the compo- 
sition of the films were about 900 Ä and Fe76Zr8N16, 
respectively. 

The composition of the sample was examined by elec- 
tron probe microanalysis (EPMA), Auger electron spectros- 
copy (AES), and Rutherford backscattering spectroscopy 
(RBS). The crystallographic characteristics and the micro- 
structure of the films were analyzed by x-ray diffractometry 
(XRD) and scanning electron microscope (SEM), respec- 
tively. The saturation magnetic flux density, the coercive 
force, and the thermomagnetic properties were measured 
with a vibrating sample magnetometer. Conventional Möss- 
bauer spectroscopy for 57Fe for as-sputtered film was carried 
out using an electron detector of gas (He90%-CH4 10%) 
flow type at room temperature. 

III. RESULTS AND DISCUSSIONS 

The x-ray diffraction pattern of the as-sputtered 
Fe76Zr8N16 thin film obtained at room temperature is shown 
in Fig. 1. The full width at half maximum of the peak ap- 
peared at 20=45.5° is about 2.5°. 

Figure 2 represents the saturation magnetic flux densities 
Bs as a function of temperature for the Fe76Zr8N16 thin films. 
The saturation magnetic flux density decreases slowly with 
increasing temperature up to 240 °C, and it decreases signifi- 
cantly in and around 280 °C, which is considered to be Curie 
temperature of the amorphous phase. And then, the satura- 
tion magnetic flux density increases abruptly at 310 °C. This 
phenomenon is possibly due to the crystallization of the 
amorphous film. Finally, it behaves like a typical ferromag- 
netic material in the range above 450 °C, and the value ap- 
proaches zero at 710 °C, which is the Curie temperature for 
a-Fe. 

Figure 3 shows the saturation magnetic flux densities Bs 

and the effective permeabilities /j,ef{ as a function of anneal- 
ing temperature for the Fe76Zr8N16 thin film. The saturation 
magnetic flux density of the film increases slightly with in- 
creasing annealing temperature up to 350 °C, and then in- 
creases abruptly at 350 °C. This effect is associated with the 
increased phase transition from the amorphous to the crystal 
state with annealing temperature. We suppose therefore that 
the x-ray diffraction pattern shown in Fig. 1 indicates a com- 
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Annealing temperature (°c) 

FIG. 3. Dependence of saturation magnetic flux density (Bs) and effective 
permeability  (/tieff)  (at  1  MHz)  on the annealing temperature of the 

bination of these states. The phase transition appears to de- 
crease with annealing temperature in the range above 
450 °C. The effective permeability increases slightly with 
increasing annealing temperature up to 350 °C with a maxi- 
mum value of 4800, but decreases rapidly with increasing 
annealing temperature in the range above 450 °C, while 
maintaining the effective permeability of 3000 at tempera- 
tures up to 550 °C. This result indicates that the Fe76Zr8N16 

thin film has good thermal stability up to 550 °C. 
The coercive force of the as-sputtered film was 0.4 Oe, 

and it decreases slowly with increasing annealing tempera- 
ture in the range up to 550 °C. It has the minimum value of 
0.2 Oe at 550 °C and increases abruptly above 600 °C. 

SEM micrographs show that the as-sputtered film has an 
amorphouslike structure, and that the sample annealed at 
450 °C is slightly crystallized. With further annealing above 
650 °C, a columnar structure was formed, possibly resulting 
in the observed abrupt increase in coercive force of the an- 
nealed sample. 

Figure 4 represents the effective permeabilities of the 
Fe76Zr8N16 thin films as a function of frequency. The sample 
annealed (in no field) at 450 °C has a permeability of 4800 at 
1 MHz and 4000 at 5 MHz, but it decreases rapidly with 
increasing frequency in the range above 5 MHz. However, 
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FIG. 4. Frequency characteristics of effective permeability (/U.eff) for the 
Fe76Zr8N16 thin films annealed at 450 °C. 
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FIG. 5.  Mössbauer spectrum at room temperature for the as-deposited 
Fe76Zr8N16 thin film. 

the film annealed in a 500 Oe magnetic field at 450 °C, per- 
pendicular to the film plane, has a permeability of 2200 or 
more up to 40 MHz. This is due to a decrease of the in-plane 
uniaxial uniaxial anisotropy of the film during annealing in 
the magnetic field. 

The Mössbauer spectrum at room temperature for the 
kapton substrate sample is shown in Fig. 5. This spectrum 
was fitted by a sum of three kinds of six-line hyperfine split- 
tings with fairly good quality. The three kinds of iron sites 
(i), (il), and (ill) have values of magnetic hyperfine fields 
(Hi) of 331, 321, and 276 kOe, respectively. The Fe(l) state 
with a hyperfine field of 331 kOe corresponds to a-Fe and 
the Fe(ll) state with 7/, = 321 kOe corresponds to iron atoms 
surrounded by interstitial nitrogen atoms. On the other hand, 
the Fe(m) iron site with 276 kOe seems to correspond to iron 
atoms surounded by zirconium atoms. The substitutional zir- 
conium atoms will interact chemically with iron atoms, 
which leads to a decrease in the saturation magnetic flux 

density of a-Fe, i.e., the decrease in Ht of iron atoms in 
a-Fe. The resonant areas of each iron site, calculated from 
the intensity of each subspectrum, were almost same. 

IV. CONCLUSION 

In this article, the influence of annealing temperature on 
the structure and magnetic properties of a Fe76Zr8Nl6 thin 
film made using a rf magnetron sputtering at room tempera- 
ture was studied. The as-sputtered film exhibited soft mag- 
netic properties with a saturation magnetic flux density of 1.1 
T and an effective permeability of 1400 or more at 1 MHz. 
The film also showed good thermal stability by sustaining 
the effective permeability of 3000 up to 550 °C. The film 
annealed in a magnetic field of 500 Oe at 450 °C showed 
permeability of 2200 or more up to 40 MHz. The Mössbauer 
spectrum at room temperature indicated that some of the ni- 
trogen and zirconium atoms are incorporated into a-Fe inter- 
stitially and substitutionally, respectively. 
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Fe-Nb-B-N films with good soft magnetic properties were fabricated by Ar+N2 reactive 
sputtering. The quaternary films have better soft magnetic properties than that of Fe-Nb-B films. 
The best magnetic properties are saturation magnetization of 16.5 kG, coercivity of 0.13 Oe and 
effective permeability of about 5000 up to 10 MHz. It was observed by transmission electron 
microscopy that the Fe-Nb-B-N thin film annealed at 590 °C consisted of three phases: a fine a-Fe 
phase whose grain size is around 7 nm, a Nb-B rich amorphous phase and NbN precipitates with 
the size of less than 3 nm. The fine grained a-Fe structure, together with finely dispersed NbN 
precipitates and the amorphous boundary phase are considered to be a main factor for the good 
magnetic properties.   © 1998 American Institute of Physics. [S0021-8979(98)35111-7] 

I. INTRODUCTION 

Recently, Fe-Nb-B thin films1 with nanometer-scale 
grain size were reported to exhibit good soft magnetic prop- 
erties. The microstructures of Fe-Nb-B film are composed 
of a major part of a-Fe grains and a small part of residual 
intergranular amorphous layer. The nanoscale a-Fe grains 
contain a small amount of Nb and B elements, which results 
in the small magnetostriction. The intergranular amorphous 
phase has high Tc resulting from a larger amount of Nb and 
B elements in the phase, which cause the strong magnetic 
exchange coupling of bcc grains. Nitrogen addition in Fe- 
Hf-C thin films was known to be an effective method to 
obtain good soft magnetic properties, which result from a-Fe 
phase refinement by Hf(C,N) precipitates.2 Thus, it is ex- 
pected that good soft magnetic properties can be obtained by 
means of the nitrogen addition in Fe-Nb-B system. 

In this work, we studied the effect of nitrogen addition in 
Fe-Nb-B system on soft magnetic properties such as high 
saturation magnetization and high effective permeability in 
high frequency ranges. 

II. EXPERIMENTAL PROCEDURE 

Fe-Nb-B-N films were fabricated in Ar+N2 plasma by 
a rf magnetron sputtering apparatus. The target consisted of 
an Fe-10 at. % B disk with small pieces of Nb. The partial 
pressure of N2 gas was controlled in the range of 0%-4% 
keeping the total gas pressure of 2 mTorr constant. The films 
which were deposited onto Corning 7059 glass substrates 
were disk shaped with 10 mm diameter and about 1 /mm 
thickness. The composition of film was analyzed by Auger 
electron spectroscopy (AES). The films were annealed at 
450-700 °C for 1 h in vacuum of 10"6 Torr. The saturation 
magnetization (47rMs) and coercivity (Hc) were measured 
using a vibrating sample magnetometer (VSM). The effec- 
tive permeability (^ff) was measured at the frequency range 

of 0.5-100 MHz by a figure-8 coil method. The electrical 
resistivity (p) was determined by a four point probe method. 
The microstructures were investigated by x-ray diffractom- 
etry (XRD) using Cu-Ka radiation and transmission elec- 
tron microscopy (TEM) combined with nanobeam electron 
diffraction. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the compositional diagrams for /U,eff and 
47rMj of Fe-Nb-B-N films annealed at optimum tempera- 

Fe   +   B   (at  %) 
FIG. 1. Compositional diagrams of effective permeability (/ieff) and satu- 
ration magnetization (ATTMS) for Fe-Nb-B-N films annealed at optimum 
temperatures for 1 h. 
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FIG. 2. The changes of effective permeability (/Vf) according to rf input 
power for Fe70Nb14BnN5 film with annealing temperature. 

tures, obtained from systematic heat treatment experiments. 
The Fe-Nb-B-N films exhibited high /U,eff of more than 
4000 and 4ITMS of above 16 kG in the composition range 
where the Fe, Nb, and N content are 70-72, 13-14, and 5-6 
at. %, respectively. It was investigated that Fe70Nb14BnN5 

film was the optimum composition for the best magnetic 
properties in a Fe-Nb-B-N system. 

Figure 2 shows the changes of /zeff at 10 MHz as a 
function of annealing temperature at various rf input powers. 
At the input power of 250 W, /ueff is significantly high as 
5000 compared to the other conditions. From the results of 
Fig. 2, it was considered that the film deposited at 250 W and 
annealed at 590 °C was the optimum condition for the best 
magnetic properties in Fe70Nb14B11N5 film. 

The dependence of annealing temperature (Ta) on mag- 
netic properties for Fe70Nb14BnN5 film were studied. Figure 
3 shows the changes of 4TTMS , Hc, and fieff at 10 MHz for 
Fe70Nb14B11N5 film as a function of annealing temperature. 
ATTMS was small, below 480 °C, but it increased drastically 
with increasing Ta and showed the maximum of 16.5 kG at 
590 °C. The rapid increase of 4TTMS is due to the structural 
change from the amorphous phase with low Ms showing an 
Invar effect to the a-Fe phase with high Ms. The lowest Hc 

in the crystallized state was 0.13 Oe at 590 °C, and it in- 
creased rapidly above 600 °C. The /ieff at 10 MHz increased 
with increasing annealing temperature and reached a maxi- 
mum value of 5000 at 590 °C. With the further increase of 
annealing temperature, effective permeability decreased rap- 
idly. This behavior of yueff vs Ta in the present work is simi- 
lar to that of annealed nanocrystalline alloys reported 
elsewhere.3'4 

Figure 4 shows the frequency dependence of the effec- 
tive permeability (/UL

1
) and fi" for Fe70Nbi4BnN5 film an- 

nealed at 590 °C. Higher permeabilities of 5000 were main- 
tained up to 10 MHz. 
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FIG. 3. The changes of saturation magnetization (47rMs), coercivity (Hc), 
and effective permeability (fieff) for Fe70Nb14B11N5 film with annealing 
temperature. 

The above-mentioned magnetic properties of Fe-Nb- 
B-N thin film are expected to be related to some microstruc- 
tural modifications. Figure 5 shows the variation of x-ray 
diffraction patterns with annealing temperatures for 
Fe7oNb14BnN5 films. Up to 480 °C, typical broad peaks sug- 
gest the amorphous state appeared. However, an a-Fe (110) 
main peak sharpened at 530 °C, indicating the occurrence of 
crystallization. When Ta reached 590 °C, clear (110), (200), 
and (211) peaks of the a-Fe phase appeared. From this re- 
sult, it was concluded that the increase of fieff and 47rMj, 
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Fe70Nb14BnN5 film annealed at optimum annealing temperature. 
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FIG. 5. The variations of XRD patterns for Fe7oNbi4BnN5 film as a function 
of annealing temperature. 

and the decrease of Hc in the Ta range of 500-600 °C re- 
sulted from the formation of a-Fe phase. And the variations 
of a-Fe grain size for Fe70Nb14B11N5 film with annealing 
temperature were shown in Table I. These values were cal- 
culated by the Scherrer's formula using XRD main peaks 
shown in Fig. 5. 

In order to investigate the effect of nitrogen on micro- 
structure of the thin film, TEM images (bright field, diffrac- 
tion pattern, a-Fe dark field and NbN dark field) of 
Fe7oNb14BuN5 film annealed at 590 °C were observed as 
shown in Fig. 6. The results show the formation of mixed 
phase of a-Fe and NbN precipitates. And it is expected that 
excess Nb and B of about 20 at. % form Nb-B rich inter- 
granular amorphous layer, if all the nitrogen combine with 
Nb to form NbN precipitates, presumably. Thus, it was con- 
sidered that the film consisted of three phases: a fine crystal- 
line a-Fe phase whose grain size is 5-10 nm, a Nb-B rich 
amorphous phase and Nb-nitride precipitates with a size of 
less than 3 nm. On the other hand, it was reported that an- 
nealed Fe-Nb-B films4 have two phases: a-Fe grains with 
the size of about 10 nm and Nb-B amorphous phase. The 
finer a-Fe grains were obtained in Fe-Nb-B-N film as 
compared to Fe-Nb-B film. It results from suppressing the 
growth of a-Fe grains by the intergranular amorphous phase 

TABLE I. Grain size variation for Fe-roNb^BnNsfilm with annealing tem- 
perature calculated from (110) a-Fe main peak by Scherrer's formula. 

Annealing As depo. 480 530 590 680 
temperature (°C) 
Average grain Amorphous Amo+ 6 7 15 
size (nm) a-Fe 

FIG. 6. TEM microstructure (bright field, bcc-Fe dark field and NbN dark 
field) and SAD patterns of Fe70Nb14BnN5 film annealed at 590 °C. (A): 
a-Fe (110) diffraction pattern. (B): NbN diffraction pattern. 

as well as Nb-nitride precipitates. From above results, it is 
concluded that nitrogen addition in Fe-Nb-B system was 
effective on a-Fe grain refinement. Herzer5 suggested that 
the effective permeability increases in proportion with the 
inverse of D6 (D: grain diameter) through the decrease in 
effective magnetocrystalline anisotropy. Therefore, the high 
permeability for annealed Fe70Nb14Bi1N5 film as shown in 
Fig. 4 can be considered to be mainly due to the reduction of 
grain size of a-Fe. 

IV. CONCLUSIONS 

The effects of nitrogen addition in Fe-Nb-B system on 
magnetic properties and microstructure were investigated. 
Considerably enhanced soft magnetic properties were ob- 
tained by adding nitrogen. The saturation magnetization, co- 
ercivity and effective permeability at 10 MHz were 16.5 kG, 
0.13 Oe and 5000, respectively. These good soft magnetic 
properties of the FeyoNb^BuNs film were mainly due to the 
decrease of the grain size of a a-Fe phase by the mixed effect 
of the intergranular amorphous phase as well as Nb-nitride 
precipitates. Therefore, nitrogen addition to a Fe-Nb-B sys- 
tem was considered to be an effective method for improving 
soft magnetic properties. 
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Soft magnetic properties of as-deposited Fe-Hf-C-N and Fe-Hf-N 
nanocrystalline thin films 
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Thin Film Technology Research Center, Korea Institute of Science and Technology, P.O. Box 131, 
130-650 Seoul, Korea 

J. Kim 
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As-deposited Fe-Hf-C-N nanocrystalline thin films are investigated to improve soft magnetic 
properties by controlling both the compositions of the films and sputtering conditions, such as input 
power and N2 partial pressure. As-deposited Fe-Hf-N thin films are also investigated for the 
applications to simplify the fabrication of magnetic devices. The as-deposited Fe-Hf-C-N and the 
as-deposited Fe-Hf-N thin films are fully nanocrystallized during deposition by controlling the 
composition and sputtering condition. The thin films show the excellent soft magnetic properties of 
saturation magnetization —17.5 kG/~16.5 kG and coercivity —0.5 Oe/~0.5 Oe when the 
compositions of each film are 6.8-7.2 at % Hf, 2.0-2.5 at % C, 9.8-10.8 at % N, and balanced 
Fe/6.3-7.0 at % Hf, 13.2-14.0 at % N, and balanced Fe, respectively. Both of the thin films exhibit 
an outstanding frequency dependence of permeabilities, i.e., the effective premeabilities of the films 
remain flat over 3000 up to 100 MHz. © 7995 American Institute of Physics. 
[S0021-8979(98)15511-l] 

I. INTRODUCTION 

A demand for high performances in miniaturized 
electronic/electrical equipment forces soft magnetic materi- 
als to play an important role in micromagnetic devices in- 
cluding thin film inductors or transformers operating at high 
frequency (£ 10MHz). Thus soft magnetic thin films with 
excellent frequency dependence are strongly required as core 
materials. Soft magnetic thin films based on iron-rich Fe-Ta, 
Fe-Nb, Fe-Zr, and Fe-Hf have been investigated, and the 
enhancement of soft magnetic properties are obtained by 
adding B, C, and N.1"3 However, the excellent soft magnetic 
properties of Fe-based thin films are only obtained after post 
heat treatment which nanocrystallizes the deposited films at a 
temperature of 300-600 °C. 

We reported that as-deposited Fe-Hf-C-N thin films 
have nanocrystalline structures and good soft magnetic prop- 
erties, coercivity (He) of 0.5 Oe, saturation magnetization 
(ATTMS) of 13 kG, and effective permeability (yueff) over 
3000 up to 100 MHz.4 The as-deposited films are applicable 
to magnetic devices which have not been heat treated, since 
heat treating deteriorates components and materials that are 
sensitive to the high temperature exposure. Thin films with 
higher ATTMS are more favorable in practical applications. 
Thus, the magnetic properties of as-deposited Fe-Hf-C-N 
thin films are investigated to increase ATTMS by controlling 
the deposition conditions and as-deposited ternary Fe-Hf-N 
thin films are also investigated for easy fabrication. 

"'Electronic mail: hijkim@kistmail.kist.re.kr 

II. EXPERIMENTAL PROCEDURE 

As-deposited Fe-Hf-C-N and Fe-Hf-N thin films 
have been prepared by a reactive magnetron sputtering 
method in a nitrogen atmosphere. The pallets of Hf and C are 
put on the pure Fe target to control thin film compositions. 
The flow of Ar gas is maintained at 20 seem, and N2 partial 
pressure is regulated in the range from 0% to 10% in order to 
obtain the films with various nitrogen contents. Both the 
mixed gases are introduced into the chamber after it has been 
evaluated to a pressure below 1 X 10~6 Torr. The working 
pressure is maintained at 1 mTorr. The distance between the 
target and the water-cooled Si(001) substrate is 6 cm. The rf 
input power varies from 150 to 550 W. The film thickness is 
1 ±0.2 /xm, measured by a stylus profiler. The compositions 
and the microstructures of the films are analyzed by Auger 
electron spectroscopy (AES), Rutherford backscattering 
spectroscopy (RBS), x-ray diffraction with Cu Ka, and 
transmission electron microscopy (TEM). The magnetic 
properties of the films are measured by a vibrating sample 
magnetometer (VSM) and the magnetic easy/hard directions 
in plane are determined by a B-H loop tracer. The frequency 
dependence of jj,e(f is obtained in the hard direction by using 
an eight-figure coil method. The electrical resistivity of the 
films is measured by a four-point probe method. 

III. RESULTS AND DISCUSSION 

The saturation magnetization of as-deposited Fe-Hf- 
C-N and Fe-Hf-N thin films varies with the rf input power 
as shown in Fig. 1(a). At 150 W, as-deposited films are not 
saturated by the external field up to 1 kOe. The 4 TTMS of the 
as-deposited films are relatively small because of an Invar 
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300 400 
Input Power (W) 

FIG. 1. (a) Saturation magnetization (ATTMS) and (b) coercivity (Hc) as a 
function of rf input power. [An applied field (Ha) of 100 Oe but in case of 
input power of 150 W, the films are saturated by Ha= 1 kOe, 4TTMS : (D) 
Fe-Hf-C-N, (■) Fe-Hf-N, Hc: (O) Fe-Hf-C-N, (•) Fe-Hf-N, the 
error range of data points is ±5%.] 
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FIG. 3. Effective permeability at 100 MHz (measured in the hard direction) 

with (a) N2 partial pressure and (b) rf input power. The films show a flat 
frequency spectrum in optimum condition. 

effect. Above 300 W, the 4irMs of the films are coincident 
with Fe content. The maximum values of 4TTMS are 17.5 and 
16.5 kG, respectively. The Hc of both the films decrease as 
the rf input power increases as shown in Fig. 1(b), and the 
minimum in Hc, Hc = 0.5 Oe, is obtained at 450 W. The /ieff 

of the as-deposited films shows a good flat dependence on 
frequency, which remains around 3000 up to 100 MHz. As 
shown in Fig. 3(b), the /ieff decreases slightly at the input 
power of 550 W. The best soft magnetic properties are ob- 
served at 450 W. 

Figure 2 shows the effect of N2 partial pressure on the 
soft magnetic properties of Fe-Hf-C-N and Fe-Hf-N thin 
films. All the films with different N contents are saturated at 
an applied field of 100 Oe. At low N2 partial pressure 
(3%-4% and 4%-6%), 4TTMS are relatively small, which is 
presumed to be due to an Invar effect. Nitrogen, introduced 
during deposition, enhances the 4TTMS of the films. The 
maximum values for both the films are ~ 17.5 and ~ 16.5 kG 
at 6%-8% and 7%-8.5% of PN2, respectively. The coercivi- 
ties of both the films have a minimum value at 5%-6.5% and 
7%-8% of PN2. The minimum coercivities of both the films 
are about 0.5 Oe, as shown in Fig. 2(b). The addition of 
nitrogen strongly affects the /neif as shown in Fig. 3(a). The 
/ieff of both the films increases with the introduction of ni- 
trogen and reaches the maximum of 3000 in the range of 
5.5%-6% and 7.5%-8% of PN2 for Fe-Hf-C-N and Fe- 
Hf-N, respectively, and remain flat up to 100 MHz without 
any loss until several 10 MHz. However, excessive N con- 
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FIG. 2. (a) Saturation magnetization (4TTMS) and (b) coercivity (Hc) as a 

function of N2 partial pressure. [An applied field (Ha) of 100 Oe, 4TTMS : 

(D) Fe-Hf-C-N, (■) Fe-Hf-N, Hc: (O) Fe-Hf-C-N, (•) Fe-Hf-N, 
the error range of data points is ±5%.] 

tent in the films decreases the /ueff near PN2=10%. 
On the other hand, the /ieff measured in the easy 
direction is not constant and very small (about several 
10-100). As a result of AES and RBS 
analysis, the Fe79.9_8UHf6.8_7.2C2.0_2.5N9.8_108 and 
Fe79o_8o.6Hf6.o-7.0^13.2-14.0 thin films have the best soft mag- 
netic properties. Actually, the films with the content of 
70-82 at % Fe in the case of Fe-Hf-C-N and Fe-Hf-N 
exhibit such excellent soft magnetic properties when the ra- 
tio of C+N/Hf and N/Hf is 1.8-1.9 and 2.0-2.2, 
respectively.4 The value of N/Hf is larger than that of 
C+N/Hf for optimum compositional condition, because the 
solubility of nitrogen in a-Fe is larger than that of carbon in 
a-Fe. 

The variations of x-ray diffraction patterns with the ad- 
dition of N and rf input power are shown in Figs. 4 and 5, 
respectively. Figures 4(a) and 5(a) show that the films depos- 
ited at the input power of 150 W are amorphous or mixed 
phase of amorphous and crystal, and that high input power 
generally crystallizes the films during deposition. Figures 
4(b) and 5(b) show that nitrogen enhances the crystallization 
of the films from a mixed phase of crystal and amorphous, 
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FIG. 4. X-ray diffraction patterns [(•) a-Fe (110), (200), (211) and (O) Hf 
precipitates (111), (200) in order] of Fe-Hf-C-N thin films with rf input 
power [(a) = 150W, (b)=300W, (c)=450W, (d)=550W] and N2 partial 
pressure [(e) = 0%, (f) = 3%, (g) = 6%, (h) = 8%, (i) = 10%]. 
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FIG. 5. X-ray diffraction patterns [(•) a-Fe (110), (200), (211) and (O) Hf 
precipitates (111), (200) in order] of Fe-Hf-N thin films with rf input 
power [(a)=150W, (b)=300W, (c)=450W, (d)=550W] and N2 partial 
pressure [(e) = 0%, (f) = 4%, (g) = 7.5%, (h) = 8%, (i)=10%]. 

which is confirmed by TEM analysis. They also show that 
the excessive addition of nitrogen breaks the crystallinity of 
the films. Thus, as-deposited Fe-Hf-C-N and Fe-Hf-N 
thin films are completely crystallized in the case where the rf 
input power and N2 partial pressure are well controlled. Fig- 
ure 6 shows the high resolution TEM image of Fe-Hf-C-N 
film deposited at 450 W and Pm=6%. The Fe-Hf-C-N 
films consist of finely grained a-Fe with a diameter of 
~ 5 nm and Hf(C,N) precipitates of smaller size. The mor- 
phology of exceptionally small grains surrounded by Hf pre- 
cipitates contributes to the excellent soft magnetic properties. 
The soft magnetic properties of the films are little affected, 
after annealing at 823 K for 30 min. It is explained by the 
morphology that Hf precipitates prevent a-Fe grains from 
growing during annealing. 

In order to understand the excellent high frequency per- 
meability, the electrical resistivities of the films are mea- 
sured. The resistivities are around 100 jxü, cm which is simi- 
lar to those of other Fe-nanocrystalline films.2'3 It means that 
the excellent dependence of effective permeability is not 
mainly due to the decrease of eddy current loss by the de- 
crease of electrical resistivity. The excellent dependency ap- 
pears when the permeability is measured in the hard direc- 
tion, which means the existence of in-plane magnetic 
anisotropy at the as-deposited films. A B-H loop tracer 
shows that the frequency dependence of effective permeabil- 
ity is more excellent when the anisotropy is well aligned in 
the hard direction than widely dispersed. It means that the 
degree of magnetic anisotropy dispersion is related with per- 
meability dependence. However, magnetocrystalline anisot- 
ropy is known to be averaged out by the refinement of a-Fe 
grains (random anisotropy model).5 The existence of in- 
plane anisotropy of the films could be due to the stray field 
from magnetron ring and interstitial insertion of C and N in 
a-Fe.6 Due to fast deposition, carbon and nitrogen remain in 

FIG. 6. High resolution TEM image of Fe-Hf-C-N thin film deposited at 
Pm=6% and 450 W shows the nanocrystallized a-Fe grains (white area) 
and Hf precipitates (dark area). In the ring pattern, the notation of Fe rep- 
resents 110, 200, 211 of a-Fe and the notation of Hf does 111, 200, 220 of 
Hf(C,N), respectively, from the center. 

the octahedral sites of the a-Fe lattice, which contributes to 
uniaxial anisotropy.7 Even though the uniaxial anisotropy 
due to the solute atoms leads to an increase of the net anisot- 
ropy, the softness of the films is still maintained; i.e., the 
resultant coercivity is low (0.5 Oe), but it is larger than that 
(«0.1 Oe) of other Fe-based thin films.23 

IV. SUMMARY 

Fe-Hf-C-N and Fe-Hf-N thin films can be completely 
crystallized by controlling N2 partial pressure and input 
power. As-deposited Fe799_811Hf68_72C2.o_2.5N98_1o.8 and 
Fe790_g06Hf6 3_7oN]3 2_i4.o nanocrystalline thin films exhibit 
such excellent soft magnetic properties of 4irMs (17 and 
16.5 kG) and Hc(0.5 Oe). The films show especially excel- 
lent frequency dependence of high permeability of about 
3000 up to 100 MHz without any loss until several 10 MHz. 
As-deposited Fe-Hf-C-N and Fe-Hf-N thin films are 
composed of finely dispersed a-Fe(~5 nm) and smaller Hf 
precipitates. Thus, the exceptionally small grains and pre- 
cipitates enhance the soft magnetic properties and show ther- 
mal stability up to 823 K. 
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Central Research Lab, Matsushita Electric Industrial Co., Ltd., Seika-cho, Kyoto 619-0237, Japan 

The microstructure and magnetic properties of FeSiAl(Ti/Ta)(0)N films prepared by rf magnetron 
reactive sputtering were studied. The microstructure was controlled by changing the N2 gas flow rate 
ratio [77=N2/(Ar+N2)] in the sputtering gas. The soft magnetic properties were observed after 
thermal treatment at around 77 of 2% and 77 of 20%, where the saturation magnetostrictions and the 
intrinsic stresses took small values. The film with 77 of 20% had a granular structure as mostly 
observed on nanocrystalline materials. On the other hand, the film prepared with 77 of 2% had the 
structure which consisted of needle shaped grains or dendritic grains. The composition of the 
granular grains and needle shaped grains were mainly Fe and FeSi, respectively. The film with 77 of 
2% exhibited ß, of 1.3 T, permeability of 3000-8000 at 1 MHz, respectively, and realized a high 
corrosion resistance. The soft magnetic properties of the films with needle shaped grains are 
explained by two-dimensional random anisotropy effect. © 1998 American Institute of Physics. 
[S0021-8979(98)48711-5] 

I. INTRODUCTION 

Nanocrystalline soft magnetic materials with high satu- 
ration magnetic flux density (Bs) and/or high electrical re- 
sistivity have been intensively investigated.1'2 Generally 
speaking, nanocrystalline materials have a granular structure 
obtained from the amorphous state by thermal treatment. The 
soft magnetic properties are affected by the mean grain size 
and intergranular magnetic properties. The softness is ex- 
plained by a three-dimensional random anisotropy model3'4 

and/or magnetic ripple theory.5 However, there were few re- 
ports about the dependence of magnetic properties on grain 
shape as well as grain size. We investigated the magnetic, 
structural, and corrosive properties of sputtered FeSiAl(Ti/ 
Ta)(0)N films, whose grain structures were controlled by 
introducing N2 gas during sputtering. The films are expected 
to be sensitive on the grain structures because of the small 
magnetocrystalline anisotropy (Ki) of the FeSiAl system 
(i.e., the films have a relatively long ferromagnetic correla- 
tion length, L0, compared with that of Fe). In this article, we 
report on the nanocrystalline materials, which have new 
types of the granular structure. 

using a transmission electron microscopy (TEM) and x-ray 
diffraction, (XRD). The internal stress was evaluated by the 
change in the bending of the substrate. The film composition 
was determined by using an electron probe microanalysis 
(EPMA) and a Rutherford backscattering spectrometry 
(RBS). The corrosion resistance of the films was evaluated 
by the change in Bs of the films immersed in the 0.5 N NaCl 
solution for 50 h. All the measurements were carried out at 
room temperature. 

III. RESULTS AND DISCUSSION 

A. Magnetic properties and magnetostrictive 
anisotropy 

The compositions of the FeSiAl(Ti/Ta) films sputtered 
with Ar gas were determined by EPMA as Fe76Si19Al3Ti2 

and Fe76Si19Al2Ta3. Figure 1 shows the dependence of initial 
permeability (>,) on the flow rate ratio of N2 (77). The fit 
has two peaks at around 77 of 2 % and 77 of 20%. In order to 
clarify the origin of the two peaks of /J,,- , several properties 
were precisely studied as follows. Figure 2(a) shows depen- 
dence of the internal stress (a) of the films on 77. The plotted 

II. EXPERIMENT 

FeSiAl(Ti/Ta)(0)N films of 3 /xm in thickness were pre- 
pared onto ceramic substrates by rf magnetron sputtering us- 
ing alloy targets with a dimension of 3 in in diameter or 5 
X 15 in. The sputtering gas was a mixture of Ar+N2 or 
Ar+N2+02. The flow rate ratio of N2, 77=N2/(Ar+N2), 
was varied from 0% to 23% and the flow rate ratio of 02 was 
kept at 0% or 0.5%. Thermal treatment was performed in a 
vacuum at 520 °C. The Bs, initial permeability along the 
hard axis (fit), and the saturation magnetostriction (\s) 
were measured by using a vibrating sample magnetometer 
(VSM), a figure-8 coil apparatus, and a optical cantilever 
method, respectively. The microstructure was observed by 

"'Electronic mail: hiramoto@crl.mei.co.jp 
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FIG. 1. Initial permeability (/*!> of the FeSiAl(Ti/Ta) films with changing 
the nitrogen flow rate ratio (rj). 
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FIG. 2. Internal stress (a), saturation magnetostriction (\,), magnetostric- 
tive anisotropy energy due to the internal stress (l/2\sXcr), and the lattice 
spacing of (110) plane (rf(110)) of the FeSiAl(Ti/Ta) films with changing the 
nitrogen flow rate ratio (rjj. 

a includes the thermal stress caused by thermal treatment. 
The negative sign denotes compressive stress. Figure 2(b) 
shows the dependence of the saturation magnetostriction 
(Xj) on 77. The relationship between X.s. and 77 is very similar 
to that of X.s and the concentration of Si in a-Fe.6 Using the 
value of a and Xs, the magnetostrictive anisotropy energy 

due to the internal stress (^\sXa) was calculated. The result 
is illustrated in Fig. 2(c). Compared with Fig. 1, the magne- 
tostrictive energy for the films prepared with 77 of 3%—18% 
may explain the deteriorations of /xt. Figure 2(d) shows the 

dependence of the lattice spacing of the (110) plane, d(110), 
on 77. The value of d(U0) with increasing 77 of these films 
approaches 2.0268 A, which is the value of a-Fe, though it 
includes the affection of the lattice strain caused by a. Con- 
sidering that the stress affection and the rf(no) of Fe3Si is 
2.005 A, it is clear that the main grain compositions of the 
prepared films are changed from FeSi to Fe by changing the 
77's from 0% to 20%. This result agrees with the consider- 
ation of the magnetostriction change as mentioned above. 
Further, in the range over 20%, the expansion of d(no) and 
the increasing of ks are observed. It may suggest that the Fe 
grains of the films with an 77 of over 20% contained the 
interstitial N atoms and the concentration of the N atoms is 
considered to be larger than that of Fe-N films which were 
widely known to show soft magnetic properties. Accord- 
ingly, the excess N atoms cause the deterioration of the soft 
magnetic property over an 77 of 20%. 

B. Magnetic properties and microstructure 

As mentioned above, the soft magnetic properties of 
FeSiAl(Ti/Ta)(0)N films are strongly affected by the mag- 
netostrictive anisotropy energy. However, observing more 
precisely, it is noted that fit of the FeSiAlTiON film changes 
drastically from the /z, of 1500 to 8000 with increasing the 77 
from 0% to 3%, though the magnetostrictive energy is al- 
most constant, ixt of the prepared Fe77Si2oAl3 film was only 
1800 at 1 MHz under the zero stress condition. Therefore, a 
/it of over 8000 of the FeSiAlTiON film cannot be explained 
only by the compositional change of FeSiAITi grains by se- 
lective nitriding of Ti. Further, the reduction of Kl caused by 
lattice strain7 is not expected because the change of d^uo^ in 
the 77's range of 0%-3% is small. 

In order to investigate the influence of the microstructure 
on soft magnetic properties, TEM observations of the films 
were performed. Figures 3(a), 3(b), and 3(c) show the cross 
sectional dark field TEM images of FeSiAlTiON films pre- 
pared with an 77 of 20% and 2% using a 3 in target. The film 
prepared with an 77 of 20% [see Fig. 2(a)] consisted of the 
granular structure having a grain size smaller than 10 nm as 
observed in other nanocrystalline materials.1'2 It is clearly 
observed that the interparticle regions are in an amorphous 
state. On the other hand, the microstructure of the film pre- 
pared with an 77 of 2% [see Figs. 2(b) and 2(c)] consists of 
needle shaped fine grains grown perpendicularly to the film 
plane. The grain size is over 200 nm in length and 20 nm in 
width. Contrary to the film with an 77 of 20%, interparticle 
regions are not clearly observed. In other words, the film 
with an 77 of 2% is composed of mainly magnetic grains. A 
perpendicular anisotropy, which could be expected by the 
shape anisotropy of the needle shaped grains, was not ob- 
served in the hysteresis curve. The result is owing to the film 
structure mainly composed of magnetic grains as mentioned 
above. That is, the grains may have a strong exchange inter- 
action with each other in the plane. The electron diffraction 
showed that the grains were randomly orientated crystallo- 
graphically in the plane. 

From the analysis of EPMA and RBS, the composition 
of the FeSiAlTiON film with an 77 of 2% was determined as 
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FIG. 3. The cross sectional dark field TEM micrographs of FeSiAlTiON 
films, (a) with an rj of 20% and using a 3 in target, (b) and (c) with an 7) of 
2% and using a 3 in target, (d) with an -q of 2% and using a 5 X 15 in target. 

(Fe76Si19Al3Ti2)9401N5. Assuming that the grains are com- 
posed of a Fe80Si2o alloy, the ferromagnetic correlation 
length, L0 is estimated3 as 35 nm. Taking a grain size of 20 
nm in width, which is smaller than L0, and the random ori- 
entation of grains in the plane into consideration, the film 
satisfied the random anisotropy condition only in the plane. 
Therefore, we concluded that the good softness of the film 
with an 77 of 2% was caused by a two-dimensional random 
anisotropy effect in the plane as was observed in magnetic/ 
nonmagnetic multilayered films.8 

The shape of fine grains is interesting from the view- 
point of the film formation process. Generally speaking, a 
thick columnar structure is obtained by the condensation of 
several islandlike nucleuses with the surface diffusion. How- 
ever, in the case of FeSiAlTiON with an 77 of 2%, only the 
needle shaped grain structure was observed instead of the 
thick columnar structure. This may indicate that the surface 
diffusion length is suppressed. Figure 3(d) shows a cross 
sectional TEM image of the FeSiAlTiON film prepared with 
an 77 of 2% using a wider target (5 X 15 in). The microstruc- 
ture consisted of unique dendritic grains. The growth direc- 
tions of ' 'branches'' of the dendrite are consistent with the 
directions of the oblique incident particles. The thin dendritic 
grain is good evidence of the suppressing of the surface dif- 
fusion in the plane. Compared with the needle shaped grain 
film, the dendritic grain film showed a stronger uniaxial 
magnetic anisotropy in the plane. The anisotropy may be due 
to the difference of the exchange correlation length in the 

5 10 15 20 
Nitrogen flow rate ratio(%) 

FIG. 4. Bs and the change of Bs(50)/Bs(0) of the FeSiAlTiON films with 
changing the nitrogen flow rate ratio (rj). 

plane direction caused by the size and the shape of dendritic 
grains grown anisotropically owing to the oblique incident. 

C. Corrosion resistance 

Figures 4(a) and 4(b) show the dependence of Bs and the 
corrosion resistance, Bs(50)/Bs(0) which is estimated with 
the change of Bs of the films on 77. Whereas Bs (50) denotes 
the Bs of the films after immersing the films in the 0.5 N 
NaCl solution for 50 h. The Bs shows a broad maximum at 
around an 77 of 5-15%. The increment of Bs is due to the 
segregation of the additive element out of a-Fe. The 
JBS(50)/Z?S(0) takes a minimum value at around an 77 of 
15%. The high corrosion resistance in the low 77's range is 
realized by an additive which passivates the grain surface. 
On the other hand, in the high 77's range, the interparticle 
region in the amorphous state prevents the a-Fe grains from 
corrosion. 
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New applications of nanocrystalline Fe(Co-Fe)-Hf-0 magnetic films 
to micromagnetic devices 
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New applications of high resistivity magnetic films, such as Fe-Hf-0 and Co-Fe-Hf-0 as thin 
film inductors and flux gate magnetic sensors, were investigated. These soft magnetic films with 
nanocrystalline structure and high resistivity were deposited on glass substrate by using the oxygen 
reactive sputtering method. Planar sandwich thin film inductors developed by using Fe-Hf-0 or 
Co-Fe-Hf-0 films had a higher quality factor than that of an amorphous Co-Ta-Hf film inductor. 
The dc-dc converter using the Fe(Co-Fe)-Hf-0 film inductor had higher conversion efficiency. 
These high resistivity magnetic films were also applied to a flux gate magnetic sensor operated at 
high frequencies over 1 MHz. Both high frequency excitation and high permeability (owing to the 
low eddy current loss) enabled us to increase the sensitivity, e.g., 39 mV/Oe/turn at 5 MHz when 
using a 3 /xm thick Fe-Hf-0 film (12X6 mm2 area). © 1998 American Institute of Physics. 
[S0021-8979(98)22311-5] 

I. INTRODUCTION 

In recent years, the micromagnetic devices, such as mag- 
netic thin film inductors1 (transformers2) and thin film flux 
gate sensors,3 have been developed to miniaturize the mag- 
netic components in electronic equipment. Both high fre- 
quency excitation and thin film structure enable us to make 
the passive component smaller. However, in order to develop 
the high performance magnetic thin film devices, it is neces- 
sary to suppress the excess losses due to eddy currents. The 
authors developed the nanocrystalline Fe(Co-Fe)-Hf-0 
films with good soft magnetic properties and high electrical 
resistivity,4 and reported the planar inductor application.5 

In this study, new applications of the Fe(Co-Fe)-Hf-0 
magnetic films were investigated. First, in order to make 
planar sandwich inductors smaller than the already reported 
inductors5 using a meander coil pattern and magnetic films, a 
square spiral pattern was used in the inner coil, which was 
sandwiched by top and bottom magnetic films. In the devel- 
oped 10X 10 mm2 size inductors, 0.53-0.80 yuH inductances 
and the maximum quality factor of 16 at 10 MHz were ob- 
tained. Second, a flux gate magnetic field sensor was devel- 
oped, which had the outer exciting coil, outer detecting coil, 
and the inner magnetic film. High resistivity magnetic films 
enabled us to increase the sensor sensitivity with increasing 
frequency, due to small eddy currents. 

II. EXPERIMENTAL PROCEDURE 

High resistivity nanocrystalline Fe(Co-Fe)-Hf-0 films 
were produced on a glass substrate using oxygen rf sputter 
deposition method. Some properties of the 3 /mm thick mag- 
netic films are shown in Table I. For a comparison, the amor- 
phous Co-Ta-Hf metal film is also shown in Table I. In 
order to induce uniaxial anisotropy, the Fe-Hf-0 film was 

"Electronic mail: labyaml@gipwc.shinshu-u.ac.jp 

annealed in the presence of a magnetic field of 2 kOe, and a 
temperature of 573 K for a time of 1 h, in vacuum. Uniaxial 
anisotropy was also induced in the Co-Fe-Hf-0 film, by 
carrying out the deposition in the presence of the dc mag- 
netic field applied to the substrate. From results of the trans- 
mission electron microscopy (TEM) and nano-beam energy 
dispersive x-ray (EDX) analyses, the high resistivity mag- 
netic films had a nanocrystalline structure consisting of 
nanoscale Fe(Co-Fe) rich grains and Hf-0 rich amorphous 
matrix. Consequently, these films exhibited high resistivity 
due to the Hf-0 rich matrix. 

First, high resistivity magnetic films were used to make 
small size planar inductors used for 5 MHz operation, dc-dc 
converters. Figure 1 shows a schematic illustration of the 
developed inductor, which had the multilayered structure 
composed of 10X10 mm2 square spiral coil sandwiched by 
the top and bottom magnetic layers. These materials were 
held together by synthetic resin, so planar sandwich structure 
is preserved. 

Second, the flux gate magnetic sensor was developed by 
using high resistivity magnetic films. Figure 2 is the sensor 
structure. The exciting coil (Ne) and detecting coil (Nd) were 
wound together (Ne= 10, Nd= 10) to form the solenoid 
structure. The 3 /xm thick rectangular magnetic film (12 
X 6 mm2) was inserted into the inner cavity of the solenoid 
to excite to the hard magnetization direction (short axis of 
rectangular film). 

III. RESULTS AND DISCUSSION 

The frequency dependence of permeability of these films 
was measured by using the parallel line method,6 and this is 
shown in Fig. 3. High resistivity magnetic films such as 
Fe(Co-Fe)-Hf-0 had good frequency response (permeabil- 
ity) and low loss tangent (tan S). 

0021 -8979/98/83(11 )/6658/3/$15.00 6658 © 1998 American Institute of Physics 
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TABLE I. Some properties of Fe-Hf-O, Co-Fe-Hf-O, and Co-Ta-Hf 
films. 

Magnetic film Fe-Hf-0 Co-Fe-Hf-0       Co-Ta-Hf 

Composition (at. 
Saturation 
magnetization 
Anisotropy field 
Resistivity 

Fe61Hf13026 C044Fe19Hf15022 Co^Ta^ 
13 kG 10.9 kG               8.1 kG 

7.5 Oe 60.3 Oe              10.3 Oe 
500 /nil cm 1700 (dl cm 170 /ift cm 

-10mm- 

150 ^m 

35fmr4: 
t 

(a) Spiral coil       300^m 

Magnetic film  r— Glass substrate 

SOiUm   thick polyimide     7(im   thick polyimide 

(b) Cross section 

FIG. 1. Schematic illustration of planar sandwich inductor. 

exciting coil 
Ne=10 

!    flux gate sensor 
i > 

ttB 3(tm thick magnetic film(12X6mm2 ) 

ac field 

FIG. 2. Schematic illustration of flux gate sensor. 
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FIG. 4. Frequency characteristic of planar sandwich inductors. 

Figure 4 shows the frequency characteristics of the pla- 
nar sandwich inductors using Fe-Hf-O, Co-Fe-Hf-O, and 
Co-Ta-Hf film. The inductances at 1 MHz were 0.53-0.80 
/JH, and these were nearly constant up to 10 MHz, except for 
the Co-Ta-Hf film inductor. Though the cutoff frequency of 
fi' was about 90 MHz in 3 ^m thick Co-Ta-Hf film, the 
inductance was gradually decreasing in the MHz band. This 
is mainly due to its low electrical resistivity. As shown in 
Fig. 5, the eddy currents in the top and bottom magnetic 
layers are not only due to the in-plane flux component, but 
also due to the perpendicular flux component. In particular, 
the latter component causes larger in-plane eddy current than 
that due to the former component. Therefore, it is important 
to increase the resistivity of the magnetic layer. In fact, the 
maximum quality factor of up to 16 was obtained through 
the inductor using the highest resistivity Co-Fe-Hf-O film. 

Figure 6 shows the load current versus efficiency curves 
in the 5 MHz switching boost converter using planar sand- 
wich inductor. The converter using Fe(Co-Fe)-Hf-0 film 
inductors had higher efficiencies than those in case of Co- 
Ta-Hf film inductor. When the load current was large, the 

Magnetic film • 

7 f f 7* F^ 1 1 /-■ 

FIG. 3. Frequency dependence of permeability. 

Eddy current 

FIG. 5. In-plane eddy current due to perpendicular flux. 
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FIG. 6. Efficiency vs load current curves measured in 5 MHz switching 
boost converter using planar sandwich inductor, with 3.6 V input and 4.6 V 
output condition. 

efficiencies were nearly the same. This is owing to the large 
dc copper losses in the inductors. 

The flux gate sensors were produced by using Fe-Hf-O 
and Co-Ta-Hf films, since both films had relatively high 
permeability. Figure 7 is the relationship between second 
harmonic amplitude Vlp across the differential detecting coil 
and the external dc field Hext, where frequency / was 1 
MHz, and exciting current amplitude 7max was 700 mA. The 
field sensitivities S ( = dV2p/dHex() were about 100 mV/Oe 
and 77 mV/Oe in the Fe-Hf-O and Co-Ta-Hf, respec- 
tively. The Fe-Hf-O film flux gate sensor had higher sensi- 
tivity than that of the Co-Ta-Hf film sensor. In order to get 
higher sensor sensitivity, it is important not only to have high 
permeability, but also to have high resistivity, in the mag- 
netic films used in the sensors. Figure 8 shows the frequency 
dependence of the sensor sensitivity S. The sensitivities were 
nearly proportional to the /°9. However, the sensitivity of 
the Co-Ta-Hf film sensor didn't become higher over 4 

9 
Imax. =700mA 
f =lMHz 

O Fe-Hf-O   film 
• Co-Ta-Hf film 

0 5 10 
u 

v> Magnetic field    Hext. (Oe) 

FIG. 7. Relationship between external magnetic field Hcxt and second har- 
monic amplitude V2p in flux gate sensor. 

Imax.=700mA 

0.05 

• Co-Ta-Hf film 

IM 2M 5M 
Frequency   f (Hz) 

10M 

FIG. 8. Frequency dependence of sensitivity in flux gate sensor. 

MHz. The similar sensitivity saturation was also observed 
over 6 MHz in the Fe-Hf-O film. The saturation frequency 
relates to the high frequency loss, that is, the magnetic loss 
due to the eddy current and winding loss due to the skin and 
proximity effects. Since the high frequency loss, which is 
described as the equivalent parallel resistance in the equiva- 
lent parallel circuit, gives rise to the degradation of the core 
excitation, it is necessary not only to use high permeability 
and low loss magnetic material, but also to establish the op- 
timum device structure to reduce the excess losses (to get 
high sensitivity). 

IV. SUMMARY 

To develop high performance micromagnetic devices, 
some applications of high resistivity nanocrystalline mag- 
netic films Fe(Co-Fe)-Hf-0 were investigated. The results 
obtained were as follows. 

(1) Planar sandwich inductors using high resistivity 
magnetic films had higher quality factor exceeding 10 in the 
MHz band, and enabled us to increase efficiency in the high 
frequency energy conversion. 

(2) Solenoid flux gate sensor using high resistivity and 
high permeability magnetic film had higher sensitivity. 
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granular films 
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We have investigated the uniaxial magnetic anisotropy of the high resistivity Fe-Al-0 granular 
films prepared by sputtering. It is found that application of external dc field during film deposition 
and post-annealing treatments give rise to no serious effects on the magnetic anisotropy. In contrast, 
the incident angle of sputtered particles to the substrate greatly affects the strength and the direction 
of the anisotropy. These results suggest that the magnetic anisotropy is induced by a shape 
anisotropy due to anisotropic morphology in the films. The temperature dependence of the 
anisotropy constant, however, does not obey the usual shape anisotropy relationship KU(T) 
&MS(T)2. In the present article, we propose an anisotropic coupling model in order to explain the 
uniaxial anisotropy found in these granular films, where the magnetic coupling between Fe grains 
is assumed to be anisotropic in the film plane due to the presence of low Tc intergranular phase 
which bridges the gap between Fe grains in one direction but not in the orthogonal direction. This 
model satisfactorily explains the temperature dependence of Ku(T)sad MS(T) for all Fe-Al-0 
granular films prepared in the present experiment. This agreement between the experiments and the 
theory implies that the magnetic anisotropy of the granular films is remarkably influenced by the 
magnetism and spatial distribution of the low Tc intergranular phase. © 1998 American Institute 
of Physics. [S0021-8979(98)35211-l] 

I. INTRODUCTION 

High resistivity granular films receive much attention 
from the standpoint of low core-loss films for high frequency 
use.1"4 Since the high frequency behavior of the permeability 
is mainly dominated by the magnetic anisotropy of the films, 
it is essential to accurately control the anisotropy. However, 
the anisotropic field present in the granular films is so high 
(from Hk = 20 Oe to about 300 Oe) that the conventional 
theories of induced anisotropy are inapplicable. Moreover, 
appearing in very fine Fe or Co crystals with no preferential 
crystal orientation, it cannot be explained by contribution 
from the crystalline anisotropy either. It has been reported 
that the anisotropy can be induced by magnetic field anneal- 
ing in Co-based granular films,5 but not in Fe-based ones. 

The origin of high uniaxial anisotropy appeared in the 
granular films still remains unclear to date. 

In this article we mainly present the experimental proce- 
dure, the anisotropic exchange coupling model, the calcula- 
tion of the microscopic shape anisotropy, and a possible 
method of controlling the anisotropy in order to improve the 
high frequency characteristics of the high resistivity granular 
films. 

II. EXPERIMENT 

Fe-Al-O granular films were prepared on glass sub- 
strates in a rf magnetron sputtering system at ambient tem- 
perature, with the base pressure less than 2X 10~~6 Torr and 
argon gas pressure of 4 mTorr. For some samples, a static 
field of 200 Oe was applied parallel to the substrate surface 
during the film deposition in order to check the effect of the 
field on the magnetic anisotropy. The film composition was 

varied by changing the number of A1203 chips on an Fe 
target and were determined by wavelength dispersive x-ray 
analysis. The film thickness was kept constant at 2 /jm. 
Three kinds of substrate holders were utilized to change the 
incident angle of sputtered particles to the film normal (0°, 
20°, 30°) .6 Thus obtained Fe-Al-0 films were annealed in 
vacuum at 200-450 °C for 4 h under the dc field (1000 Oe) 
applied along either the easy or hard axis of the samples in 
the film plane. The crystalline structures and the magnetic 
properties were evaluated by an x-ray diffractometer (XRD) 
and a vibrating sample magnetometer (VSM), respectively. 

III. RESULTS AND DISCUSSION 

We found that both the direction and the strength of 
uniaxial anisotropy strongly depended on the substrate posi- 
tions, namely, the easy axis lies along radial direction from 
the center of the substrate holder4 and its magnitude drasti- 
cally increases with the average incident angle (0) of sput- 
tered particles (see the inset in Fig. 2). On the other hand, the 
external field during film deposition gave rise to little 
changes in the distribution and the strength of the uniaxial 
magnetic anisotropy, indicating that the anisotropy is not in- 
duced by the magnetic annealing effect. In order to make this 
clear, the change of anisotropy constant (Ku) was measured 
after annealing in 1000 Oe dc magnetic field parallel or per- 
pendicular to the easy direction of the samples. Figure 1 
shows the dependence of Ku on annealing temperature and 
magnetic field direction. From this figure, it is clear that the 
anisotropy does not depend on the magnetic field direction. 
Therefore, it can be concluded that the anisotropy of Fe- 
Al-0 film is not field induced. Figure 2 shows the anisot- 
ropy field (Hk) of the as-deposited Fe-Al-0 films as a func- 
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FIG. 1. Anisotropy dependence on annealing temperature and magnetic field 
direction for Fe-Al-0 granular films. 

tion of average incident angle (6). The magnitude of the 
uniaxial anisotropy is exclusively governed by {6) irrespec- 
tive of other deposition conditions such as different substrate 
shapes and dc magnetic field. These results lead us to think 
that oblique incidence of sputtered particles causes the 
uniaxial anisotropy of the Fe-Al-0 films. If an anisotropic 
film morphology develops by the oblique incidence effect,7 

one may expect a magnetic anisotropy due to shape anisot- 
ropy. Then, the magnetic anisotropy would be proportional 
to the square of Ms. We measured MS(T) and KU(T) as a 
function of temperature in the range of 77-673 K, as shown 
in Fig. 3 with O and A, respectively. We note that KU(T) 
drops off more rapidly than MS(T)2 (D). Therefore, it is 
unlikely that a simple anisotropic morphology plays a domi- 
nant role for the occurrence of uniaxial magnetic anisotropy 
in the granular films. Moreover, as seen in Fig. 3, the Ms-T 
curve is quite different from that of pure a-Fe8 (—), indicat- 
ing that the granular film contains a certain amount of low Tc 

phase in addition to a-Fe. Since we only observed the dif- 
fractions due to a-Fe in the XRD scans of the granular films, 
the unknown low Tc phase seems to be amorphous or se- 
verely disordered. Thus, it is reasonable to assume that the 
granular film consists of a-Fe grains and a low Tc disordered 
phase.9 

Based on the above experimental results, we propose an 
anisotropic coupling model schematically shown in Fig. 4(a). 
In this model, the magnetic coupling between Fe grains is 
assumed to be anisotropic in the film plane due to the pres- 
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FIG. 3. Temperature dependence of Ms and Ht for an Fe-Al-0 granular 
films. 

ence of the low Tc intergranular phase, which anisotropically 
bridges the gap between Fe grains. This situation can be 
realized if the Fe content in the boundaries along the x di- 
rection is larger than along y direction. A simplified model 
for calculation is shown in Fig. 4(b). This model assumes 
rectangular shaped Fe grains and boundaries. The main dif- 
ference of this model from that in Fig. 4(a) is that the ex- 
change coupling appears only in the boundaries distributed 
along the x direction. In the actual films, the boundaries 
along the y direction may also be ferromagnetic, but this 
model assumes the exchange coupling along the x direction 
is strong enough to neglect them. According to the micro- 
scopic shape anisotropy model proposed by Fujiwara,10 the 
magnetostatic energies when the film is fully magnetized in 
the x and y directions are, respectively, given by 

ex = 2irM?(M?-M's)8/a, (1) 

e=2Tr{M^)2Sla, (2) 

FIG. 2. Incident angle dependence of anisotropy field Hk for Fe-Al-0 
granular films. FIG. 4. Anisotropy model for Fe-Al-0 granular films. 
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for 8<a, where 8 and a are the size of intergranular space 
and Fe granule, M" and M's are the saturation magnetiza- 
tions for the a-Fe phase and the low Tc boundary phase. The 
anisotropy energy is then given by the magnetostatic energy 
difference between Eqs. (1) and (2): 

K„ ■■lirMlM'Sla. (3) 

Thus, the shape anisotropy is determined by the microscopic 
structural parameters 81a and M's. From Eq. (3), the tem- 
perature dependence of the normalized anisotropy energy 
can be rewritten as 

KU(T)    M?(T)    M'S(T) 

K «o M% M's0 

(4) 

where Ku0, M"0, and Ms0 are the values at liquid nitrogen 
temperature. When the volumetric ratios for a-Fe grains and 
low Tc phase are, respectively, Va and V',MS(T) of the film 
can be expressed as 

Ms{T) = M^(T)Va+M's(T)V. (5) 

At the Curie temperature of the low Tc intergranular phase 
(T=T'C), Eq. (5) becomes 

M,(T'c)=M?(T'c)V
a. (6) 

According to Eq. (3), the in-plane uniaxial anisotropy Ku 

vanishes at T= T'c. Therefore, T'c is defined as the tempera- 
ture at which Ku becomes zero. Using Eqs. (5) and (6), Eq. 
(4) can be rewritten as 

KU(T)    Mf(T)    M,{T)-M,{T'c)M?(T)/M?(T'e) 

K H0 Ko MS0-MS(T'C)M%/M:(T'C) 
(7) 

Substituting the magnetization values at various tempera- 
tures into Eq. (7), one can predict the temperature depen- 
dence of KU(T). Thus the predicted KU(T) perfectly coin- 
cides with the experimental results for all Fe-Al-O granular 
films prepared in the present study as shown in Fig. 5. We 
also found that the temperature dependence of MS{T) was 
well fitted by Eq. (5). Thus, the present anisotropic coupling 
model is appropriate to explain the uniaxial anisotropy of the 
Fe-Al-0 granular films. 

This model is also supported by measurement of the fre- 
quency dependence of permeability for Fe-Al-0 films with 
various anisotropy fields Hk.

3'4 By fitting the frequency de- 
pendence of permeability for Fe-Al-0 films using the 
Landau-Lifshitz equation for magnetic films with uniaxial 
anisotropy, it is found that the damping constant becomes 
bigger for weak Hk. This implies the exchange coupling 
between the Fe grains becomes weaker, giving rise to a spin 
fluctuation to which the Landau-Lifshitz model is inappli- 
cable. 

As mentioned above, it is clarified that the magnetism of 
the boundary phase plays an important role for the magnetic 
anisotropy of the granular films. Therefore, one can optimize 
the magnetic anisotropy of the granular films for high fre- 
quency use by controlling the magnetism of the boundaries. 
For Fe-Al-0 granular films, adjusting the slope of substrate 
surface is effective to control it. 
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FIG. 5. Comparison of measured and calculated Ku for Fe-Al-0 granular 
films. 

IV. SUMMARY 

We have investigated the uniaxial magnetic anisotropy 
of Fe-Al-0 granular films. The main results can be summa- 
rized as follows: 

(1) The high uniaxial anisotropy found in Fe-Al-0 
granular films is not field induced, because the application of 
a static field during film deposition and post-annealing give 
rise to no significant changes in the anisotropy. 

(2) The behavior of the magnetic anisotropy can be sat- 
isfactorily explained by the proposed anisotropic coupling 
model in which the magnetic coupling between Fe grains is 
anisotropic in the film plane due to the presence of the low 
Tc intergranular phase. The good agreement between the ex- 
periment and the theory indicates that the magnetic anisot- 
ropy is dominated by the magnetism and spatial distribution 
of the low Tc intergranular phase. 
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Soft magnetic properties of Co-Cr-0 granular films 
Takeshi Morikawa,a) Motofumi Suzuki, and Yasunori Taga 
Toyota Central R&D Laboratories, Inc., 41-1, Yokomichi, Nagakute, Aichi 480-11, Japan 

Excellent soft magnetic properties have been achieved for Co-Cr-0 granular films with nanoscaled 
grains of Co distributed in the amorphous intergranular regions of Cr203. A rapid decrease in 
coercivity has been observed with the volume fraction of Co, and the minimum value of 0.39 Oe 
was obtained at 75.5 vol % of Co without postannealing. This value is one order of magnitude 
smaller than those of Co-Al-0 and Co-Si-0 sputtered films. The saturation magnetization, 
in-plane anisotropy field, and permeability below 800 MHz are 11.8 kG, 80 Oe, and 141, 
respectively. Because of its large saturation magnetization and in-plane anisotropy, the resonance 
frequency is estimated at 2.9 GHz. Therefore, Co-Cr-O granular films can be used in the high 
frequency devices operating over 2 GHz. © 1998 American Institute of Physics. 
[S0021-8979(98)29411-4] 

I. INTRODUCTION 

In recent years, soft ferromagnetic properties of granular 
thin films have attracted much attention for applications to 
magnetic devices operated in the GHz region such as micro- 
inductors, noise filters, and microsensors. High ferromag- 
netic resonance (FMR) frequency, large electrical resistivity 
p, and low coercivity Hc are required to reduce magnetic 
losses by FMR, eddy currents, and hysteresis. Up to now, 
soft magnetic properties of Fe-M-N,1'2 Fe-M-O,3 and 
Co-M-O4 films have been reported, where M are nonmag- 
netic materials such as B, Hf, Al, Si, Zr, etc. Among them, 
the Co-Al-0 film4 shows a large FMR frequency of over 2 
GHz and a high electrical resistivity of over 300 fdl cm. 
Thus, they can be used in the GHz region. The mechanism of 
the soft magnetic properties of the Co-Al-0 films is quan- 
titatively understood by the random anisotropy model pro- 
posed by Herzer.5 The randomized magnetocrystalline an- 
isotropy of each Co grain is effectively canceled within the 
ferromagnetic exchange length in the entire film. Therefore, 
the interaction between Co grains through the intergranular 
regions plays an important role in the soft magnetic proper- 
ties. 

On the other hand, the magnetic properties of Co-based 
granular films can be modified or enhanced, if the inter- 
granular materials include 3d transition metals. However, 
such systems have not been investigated to date. In the 
present work, therefore, we have selected chromium oxide as 
the intergranular phase and achieved both a low coercivity 
and a high resonance frequency in the Co-Cr-0 granular 
films. 

II. EXPERIMENT 

The Co-Cr-0 thin films were deposited on glass and 
silicon (100) substrates in a magnetron sputtering system 
with a base pressure of (4-8)X 10"7 Torr. Co and Cr203 

targets were sputtered in an Ar atmosphere of 3.0 
X10~3 Torr.  In order to change the composition of the 

samples, the deposition rate of Cr203 was varied over a wide 
range from 0 to 10 nm/min, while that of Co was kept con- 
stant at 16 nm/min. The thicknesses of films were 550 nm for 
all the samples. In order to induce unidirectional magnetic 
anisotropy, the films were deposited in the presence of a 
static in-plane magnetic field of 100-150 Oe. The substrate 
temperatures were below 50° during the deposition. 

The structural and compositional characterization and 
the measurements of the electromagnetic properties were 
performed for the samples without any postannealing. Direct 
current resistivity was measured by the four-probe method. 
The structure was analyzed by x-ray diffractometry (XRD) 
with Cu Ka radiation. The composition and chemical bond- 
ing were analyzed by x-ray photoemission spectroscopy 
(XPS) using a Mg Ka x-ray source. Saturation magnetiza- 
tion 4irMs, coercivity Hc, and in-plane magnetic anisot- 
ropy field Hk were measured by a vibrating sample magne- 
tometer (VSM). The complex permeability (fi = fi'—jfi") 
below 100 MHz was measured by the commercial per- 
meance meter (Ryowa Electronics Inc.)6 together with a 
HP4194A impedance analyzer and that from 100 to 800 
MHz was measured by the parallel line method7'8 using a 
HP8510C network analyzer. For the latter measurement, the 
measurement fixture was carefully designed to set its reso- 
nance frequency above 3 GHz. 
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"'Electronic mail: morikawa@iclab.tytlabs.co.jp FIG. 1. X-ray diffraction pattern of 75.5 vol % Co (Co77Cr9014) film. 
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FIG. 2. Dependence of dc electrical resistivity on Co fraction. 

III. RESULTS AND DISCUSSIONS 

A. Film structure 

In the XPS spectra for our samples, only the peaks due 
to the metallic Co and Cr-0 bond were observed, while 
peaks due to Co-O, Co-Cr bonds and metallic Cr were not 
detected. It is also confirmed by XPS that the target compo- 
sition of Cr203 is preserved in the films. In the present ar- 
ticle, we use a nominal volume fraction of Co to denote the 
composition of the samples. 

Figure 1 shows a typical x-ray diffraction pattern for the 
Co-Cr-0 film of 75.5 vol % of Co. The film shows broad 
diffraction peaks corresponding to hep (10*0), (00*2), (10*1), 
and fee (111) of Co. The average diameter of Co grains is 
estimated to be 4 nm by Scherrer's formula. These diffrac- 
tion peaks are observed in the films of 70.7-100.0 vol % of 
Co. On the other hand, no diffraction peaks due to the crys- 
talline of Cr203 are observed. A (110) peak of Cr at 29 
= 44.39° is negligible because no metallic Cr was observed 
by XPS. Consequently, in our samples, nanoscaled metallic 
Co grains less than 4 nm in diameter are distributed in the 
amorphous intergranular region of Cr203. 

B. Electric and magnetic properties 

Figure 2 shows a dependence of dc resistivity p on the 
volume fraction of Co. The resistivity increases exponen- 
tially with decreasing volume fraction of Co. The values of p 
are 300-400 /ufl cm around 75 vol % of Co, where the films 
exhibit soft ferromagnetism as discussed below. These val- 
ues of p are comparable with those of the Co-Al-0 films. 

Figure 3(a) shows a dependence of coercivity on the Co 
volume fraction. It is remarkable that the coercivity strongly 
depends on the volume fraction of Co. The minimum coer- 
civity is smaller by three orders of magnitude than that of 
pure Co film. As shown in Table I, the films including Co of 
73.8-75.5 vol % have coercivities less than 2 Oe which are 

TABLE I. Properties of Co-Cr-0 films. 

Composition 

(vol % 
of Co)               (at. %) 

Easy 
axis 

(Oe) 

Hard 
axis 

4vMs 
(kG) 

P 
(yitfl cm) 

77.2 
75.5 
73.8 

Co80Cr8O12 

Co77Cr9014 

Co^C^Ae 

17.0 
0.39 
1.7 

24.6 
1.8 

10.2 

11.9 
11.8 
11.4 

310 
326 
396 

100   90     80     70     60     50     40 
volume fraction of Co (%) 

FIG. 3. Dependence of (a) coercivity and (b) fractional magnetization of Co 
on the volume fraction of Co. 

superior to those of Co-Al-O.4 Particularly, the sample of 
75.5 vol % of Co exhibits a small coercivity and a large 
unidirectional anisotropy field of 80 Oe as shown in Fig. 4. 
The minimum coercivity in the easy axis is 0.39 Oe. This 
value is one order of magnitude smaller than the value of 
Co-Al-O.4 The coercivity in the hard axis is 1.8 Oe. The 
reason for the larger hard axis coercivity is likely to be due to 
the magnetic anisotropy dispersion. However, the coercivity 
in the hard axis is also smaller than that of Co-Al-O. 

Figure 3(b) shows a dependence of the fractional satura- 
tion magnetization on the volume fraction of Co. Here, the 
fractional saturation magnetization is defined as the ratio of 
the total saturation magnetizations of the samples to the vol- 
ume fraction of Co. The fractional saturation magnetizations 
show a plateau of 15.7 kG within the region of 100-75.5 
vol % of Co. This suggests that the Co grains in the Co- 
Cr-0 films maintain the same magnetization as that of pure 
Co film. Below 75.5 vol % of Co, the fractional magnetiza- 
tions begin to decrease with decreasing the volume fraction 
of Co, while the coercivity begins to increase. Hence, excel- 
lent soft magnetic properties are dominated by the nanos- 
caled Co grains with the same magnetizations as pure Co and 
the minimum coercivity appears near the boundary where 
magnetizations of Co grains begin to decrease. 
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FIG. 4. In-plane M-H curves for 75.5 vol % of Co (Co77Cr9014). 
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FIG. 5. Dependence of hard-axis complex permeability /j.=p'-j/j." on 
frequency for film of 75.5 vol % Co. Solid and dotted lines are calculated 
fi' and /u.", respectively. 

The drastic change in coercivity above 75.5 vol % of Co 
is due to the decrease in grain size5 from 26 to 4 nm. On the 
other hand, below 75.5 vol %, it is considered that the 
change is caused by the gradual decrease in ferromagnetic 
coupling between Co grains as expected in Fig. 3(b). Com- 
pared with previously reported Co-based films,4 the present 
Co-Cr-0 film shows small coercivity. It is considered that 
the ferromagnetic exchange length may be effectively modi- 
fied by the intergrains. However, a detailed investigation is 
necessary to clarify the mechanism of the small coercivities 
of Co-Cr-0 films. 

Figure 5 shows the dependence of hard-axis complex 
permeability /tt = /x' —j/i" on frequency for the film of 75.5 
vol % of Co. Open and solid circles represent the real and 
imaginary part of the measured permeability, respectively. 
The real part of measured permeability keeps constant at 
fi' = 141 below 800 MHz. On the other hand, the imaginary 
part is fi" = 1 below 300 MHz and then increases with fre- 
quency. The solid and dotted lines represent /J,' and fi", 
respectively, calculated by using the solution of Landau- 
Lifshitz equations taking account of the coherent spin rota- 
tion as follows:9'10 

ATTM so>\(((i>l- a2)- jAir\a>) 

^=   Hk((co2
0-a>2)2 + (4n\<o)2)   ■ 

a>l=4ir\7\2M,Hk, 

(1) 

(2) 

where, a>0 is the FMR frequency, y is the gyromagnetic con- 
stant (here, 2.34X 105 m/As), and A. is the relaxation fre- 
quency. 

The calculated permeability agrees well with the mea- 
sured ones. This indicates that the domain wall motion is 

eliminated because of the operation at very high frequency. 
Furthermore, since the Co-Cr-0 film has a large 4 TTMS and 
Hk, the FMR frequency is estimated at about 2.9 GHz [Eq. 
(2)]. The skin depth of the film is estimated at 1.4 pm at 2.9 
GHz and eddy current loss is negligible in this frequency 
region because of large p. In consequence, it is expected that 
the real permeability fi' keeps constant up to 2 GHz so that 
the present Co-Cr-0 system is applicable to the high fre- 
quency devices operated over 2 GHz. 

IV. CONCLUSION 

Soft magnetic properties of Co-Cr-0 granular films 
prepared by codeposition of Co and Cr203 are investigated. 
In the resulting films, nanocrystalline Co grains distributed in 
the amorphous intergranular regions of Cr203. A drastic 
change in coercivity is observed depending on the volume 
fraction of Co. The excellent soft magnetic property has been 
achieved at 75.5 vol % of Co. The 4TTMS of 11.8 kG, Hk of 
80 Oe, and Hc of 0.39 Oe are obtained. The value of Hc is 
one order of magnitude smaller than the previously reported 
Co-based films. The dc resistivity is 326 /ufl cm. The real 
part of the permeability keeps constant at 141 up to 800 MHz 
and the FMR frequency is estimated at 2.9 GHz. Therefore, 
Co-Cr-O granular films can be used in the high frequency 
devices operated over 2 GHz. 
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Magnetic properties of Fe films deposited by Ar, Kr, and Xe ion 
beam sputtering 

S. Iwatsubo, T. Takahashi,a) and M. Naoeb) 

Toyama Industrial Technology Center, Takaoka, Toyama 933, Japan 

Fe films have been deposited by ion beam sputtering using Ar, Kr, and Xe gases. The sputtering 
voltage Vs was varied in the range of 900-1800 V. The magnetic properties of the films had the 
significant relationship with the element of the sputtering gas. The saturation magnetization 4irMs 

was 21 kG for Ar and 20 kG for Kr or Xe. The coercivity Hc took the minimum value of 5 Oe at 
Vs of 1200 V for Ar. The energy/the number of the energetic particles, such as the sputtered atoms 
and the recoiled ions bombarding to the substrate was calculated by Monte-Carlo simulation in the 
sputtering system with an amorphous Fe target. The average energy of the sputtered atoms Es was 
40-60 eV for Ar, 30-34 eV for Kr and 24-34 eV for Xe. The average energy of the recoiled ions 
ER was 200-370 eV for Ar, 60-100 eV for Kr, and 25-50 eV for Xe. The energy was remarkably 
different among their sputtering gases with different atomic mass. The bombardment by the recoiled 
ions at the high energy reduced the coercivity Hc of the Fe films. © 1998 American Institute of 
Physics. [S0021-8979(98)35311-6] 

I. INTRODUCTION 

Pure Fe is one of the most representative materials with 
soft magnetism such as a low coercivity and a large satura- 
tion magnetization of 21.5 kG. So far, when Fe films were 
deposited by sputtering, their structure and properties signifi- 
cantly depended on the preparation condition.1_3 For the film 
preparation with good reproductivity it should be required to 
control the energy of the arrival particles to the substrate. 
The energy may be the most significant factor to characterize 
the properties of the deposited films. 

In sputtering, both the energy and the flux of the sput- 
tered atoms and the recoiled ions depends on the difference 
in atomic mass between the component elements of target 
and the sputtering gas. So, the sputtering using the gas with 
different atomic mass is an effective method to control the 
parameters. Therefore, the magnetic properties of Fe films 
may be controlled by sputtering with Kr and Xe instead of 
Ar. 

In this study, the difference of magnetic properties of the 
Fe films among Ar, Kr, and Xe gases has been investigated 
using an ion-beam sputtering apparatus with the features of 
plasma-free deposition and good controllability. The Monte- 
Carlo simulation TRIM4 was used to estimate the energy and 
flux of the arriving particles, that is, the sputtered atoms and 
the recoiled ions, to the substrate plane. 

II. EXPERIMENTAL PROCEDURE 

The Fe films were deposited on water-cooled glass sub- 
strates using an ion beam sputtering apparatus with an ion 
source. It was Kaufman-type and the grid had a diameter of 
2.5 cm. The target was a Fe disk of 99.9% in purity and 120 
mm in diameter. The distance between the target and the 

substrate was 200 mm. Pure Ar, Kr, and Xe with the differ- 
ent atomic mass were used as the sputtering gas. After the 
chamber was evacuated to the residual gas pressure lower 
than 6X 10~5 Pa, the sputtering gas at flow rate of 2 seem 
was introduced into the sputtering ion source. Gas pressure 
was 5.0, 11, and 30 mPa for Ar, Kr, and Xe, respectively. 
The current of the sputtering ion beam was fixed at 50 mA. 
Film thickness was approximately 300-350 nm. The internal 
stress er was calculated from the measured value of the cur- 
vature of cantilever samples. The electrical resistivity p was 
measured by the four-terminal method. The saturation mag- 
netization 4 TTMS and the coercivity Hc of the Fe films were 
measured using a vibrating sample magnetometer (VSM). 

III. RESULTS AND DISCUSSION 

A. Simulation results and deposition rate 

Figure 1 shows the schematic layout of the ion beam 
sputtering (IBS) apparatus used in this study and the angular 
distribution in energy of the Ar ions recoiled from the Fe 
target at the sputtering voltage Vs of 1200 V, as calculated 
by Monte-Carlo simulation TRIM. The TRIM calculations 

VS=1200V 

ion source 90   Angle (Deg.) 

60 

.substrate 
30 

"'Faculty of Engineering, Toyama University, Toyama, Toyama 930, Japan. 
b)Faculty of Engineering, Tokyo Institute of Technology, Meguroku, To- 

kyo 152, Japan. 

Ar 

FIG. 1. Layout of IBS apparatus and angular distribution in energy of Ar 
recoiled ions. 
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FIG. 2. Vs dependence of average energy of sputtered atoms Es and ratio in 
arrival number RA for Ar, Kr, and Xe as sputtering gas. 

are based on a direct Monte-Carlo method applied to the 
transport of ions and recoils in an amorphous Fe target. The 
incident angle of the sputtering ion beam to target plane was 
equal to 45°. The substrate was parallel to the target plane. 
The calculation at 10 000 events was executed. The small 
dots in the figure correspond to the energy and the angular 
direction of recoiled ions. In this figure, the substrate was 
bombarded by the recoiled Ar ions at the high energy up to 
800 eV. The flux of a large number of the recoiled ions was 
reflected from the ion source in the direction of the target 
plane to the substrate. 

Figure 2 shows the Vs dependence of the average energy 
Es of the sputtered atoms and the ratio in arrival number RA 

of the recoiled ions to the sputtered Fe atoms to the substrate. 
Namely, RA was given by 

RA = -, 

Number of recoiled ions 
A   Number of sputtered Fe atoms' 

The energy of the sputtered atoms and the recoiled ions 
was estimated from taking statistics of the particles arrived at 
the substrate surface as shown in Fig. 1. For Ar, Es mono- 
tonically increased from 40 to 60 eV with an increase of Vs. 
For Kr and Xe, Es gradually increased from 24 to 35 eV. On 
the other hand, RA decreased with an increase of Vs. RA was 
in the range of 0.07-0.16 for Ar, 0.03-0.07 for Kr, and 
0.02-0.06 for Xe. The values of Es and RA for Kr and Xe 
were remarkably different from those for Ar. 

Figure 3 shows the Vs dependence of the average energy 
ER of the recoiled ions. ER increased in proportion to an 
increase of Vs. The value of ER was in the range of 200- 
380 eV for Ar, 60-100 eV for Kr, 20-50 eV for Xe. The 
magnitude in variation of ER was larger than that of Es. For 
Xe, ER was at the almost same value. On the other hand, ER 

for Ar was very high. Especially for Ar, the film surface was 
bombarded by the recoiled ions with ER of 380 eV and RA of 
0.07 at Vs of 1800 V. It seems that the bombarding effect by 
the recoiled Ar ions is very serious for the growing Fe films. 

Figure 4 shows the Vs dependence of the deposition rate 
RD. RD linearly increased with increase of Vs for Kr and 
Xe. On the other hand, RD for Ar was almost constant value 
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FIG. 3. VA dependence of average energy of recoiled ions ER . 

of 2.2 nm/min. This difference may be due to the re- 
sputtering effect by the recoiled ions to the substrate. Be- 
cause the recoiled ions for Ar possess a high energy enough 
to sputter the surface region of film. The extent of RD reduc- 
tion by resputtering effect corresponded to the value esti- 
mated from RA and the sputtering yield of Fe at each ER. 

B. Properties 

Figure 5 shows the Vs dependence of the internal stress 
a. The negative value of a indicates compressive stress, a 
monotonically decreased from - 0.02 to - 0.1 GPa with in- 
crease of Vs for Kr and Xe. On the other hand, for Ar, a took 
the minimum value of -0.14 GPa at Vs of 1200 V. The 
absolute value of a for Ar was larger than that for Kr and Xe. 
It was caused from the atom peening effect due to bombard- 
ment by the recoiled ions with the high energy. As a result, 
the films deposited under the Ar bombardment, that is, a bias 
sputtering,5 exhibited high internal stress. 

Figure 6 shows the Vs dependence of the electrical re- 
sistivity p of the films. The film exhibited higher p than bulk 
pure Fe (about 10 /Al cm), p was almost constant for Kr and 
Xe. On the other hand, for Ar, p increased from 24 to 56 
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fdl cm in proportion to Vs. Generally, the value of p 
strongly depended on the film structure. The variation of p 
may be attributed to electron scattering at the grain boundary 
of the microstructure in the films. The grain size of films for 
Ar seems to be smaller than that for Kr and Xe. 

Figure 7 shows the Vs dependence of the saturation 
magnetization 4TTMS and the coercivity Hc. 4TTMS was 
nearly equal to that of bulk pure Fe for all gases. On the 
other hand, Hc decreased with increase of Vs for Kr and Xe. 
Hc was in the range from 10 to 20 Oe for Kr and from 10 to 
30 Oe for Xe. For Ar, Hc took the minimum value of 5 Oe 
at Vs of 1200 V. Hc was remarkably different among sput- 
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tering gases, where for Ar was lowest. This result agreed 
exactly with the fact that the Fe films deposited with the ion 
bombardment such as bias sputtering1 and double ion beam 
sputtering2'3 had lower Hc. Therefore, the decrease of Hc 

may be caused by the bombardment of the recoiled ions with 
high energy. 

IV. CONCLUSION 
The energy of the recoiled ions ER from the target plane 

was related to the change of Vs. ER was very different 
among the sputtering gases. For Ar, ER was in the range of 
200 to 380 eV. For Kr and Xe, ER was in the range from 40 
to 110 eV. The bombardment by the high energy recoiled 
ions changed the electrical and magnetic properties of the Fe 
films. The Fe films with good soft magnetism such as 4 TTMS 

of about 21.5 kG and Hc of 5 Oe were deposited at Vs of 
1200 V for Ar. For the Fe films deposited by Kr and Xe 
sputtering, 4TTMS, and Hc were about 20 kG, and 10-30 
Oe, respectively. The Fe films with lower Hc was obtained 
by bombardment of the recoiled ions with the high energy. 

Consequently, it was found that the recoiled ions played 
a very important role to deposit the good soft magnetic Fe 
films by ion-beam sputtering. The energy of the recoiled 
ions, in other words, the mass of the sputtering gas may be 
an important parameter to characterize the properties of the 
Fe films. 
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2M. Naoe, Y. Yamaga, and N. Terada, IEEE Trans. Magn. MAG-21, 1900 

(1985). 
3N. Ishiwata, C. Wakabayashi, and T. Matsumoto, IEEE Trans. Magn. 24, 
3078 (1988). 

4J. P. Biersack and W. Eckstein, Appl. Phys. A: Solids Surf. 34, 73 (1984). 
5R. D. Bland, G. J. Kominiak, and D. M. Mattox, J. Vac. Sei. Technol. 11, 

671 (1974). 
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Effects of plasma and bias power on magnetic properties of sendust films 
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Thin films of Sendust (wt. 85% Fe, 10% Si, 5% Al) were deposited by if diode and dc magnetron 
sputtering. The objective was the production of soft magnetic films without post deposition 
annealing. Films were deposited on both glass and A1203/TiC(AlTiC) ceramic substrate. 
Coercivities in the range 45 to 50 Oe for rf diode deposited and 25 to 35 Oe for dc magnetron 
deposited films were measured. Application of rf bias to the substrate reduced this further to 7 to 12 
Oe together with a reduction in grain size. The value of magnetic flux at the surface of the sputtering 
target was controlled by an electromagnet and found to be an important parameter for the production 
of soft magnetic films, low flux densities producing the softest layers. This may be related to 
deposition rate and/or the influence of the target magnetic field penetrating into the substrate region. 
The softer magnetic layers produced as a result of applying a low rf bias to the substrate is believed 
to be due to ion bombardment during deposition resulting in smaller grain size. © 1998 American 
Institute of Physics. [S0021-8979(98)41611-6] 

I. INTRODUCTION 

Sendust thin films have applications in both metal-in-gap 
(MIG) and thin film recording heads due to their soft mag- 
netic properties and high degree of mechanical hardness. 
Generally, sendust films deposited by rf diode sputtering do 
not possess soft magnetic properties, a post-deposition an- 
neal step being necessary to achieve a sufficiently low value 
of coercivity.1 The process annealing step is normally carried 
out by either conventional furnace methods and/or rapid 
thermal annealing;2 it would be a major advantage to elimi- 
nate this in production applications. In the present study, the 
effects of deposition parameters on magnetic properties of 
Sendust films have been investigated, the final objective be- 
ing the optimization of process parameters in order to obtain 
magnetically soft films without the need for a process an- 
nealing step. 

II. EXPERIMENTAL PROCEDURES 

Films were produced in a CVC AST 304 sputtering sys- 
tem employing a 20 cm diameter, 6 mm thick Sendust target. 

TABLE I. Process parameters for rf diode sputtered films. 

Base pressure 7-9X1(T7 Torr 
Argon gas pressure 8X10"3 Torr 
RF input power 750 W 
Target/substrate separation 55 mm 
Substrate temperature 10-30 °C 
Deposition rate 500nm/h 
Coercivity 55-90 Oe 
Grain size 55-80 nm 

Rf diode sputtered films of Sendust 2-2.2 /xm thick were 
deposited on both glass and AlTiC substrates which were 
thermally anchored to the substrate holder's cooling mecha- 
nism. Process conditions and parameters are shown in Table 
I. Dc magnetron sputtered films were produced using a 20 
cm, 6 mm thick Sendust target and a backing assembly em- 
ploying an electromagnet which was designed and con- 

ELECTROMAGNETRON (working prototype) 
B(flux) v. d(distance) 

700 

2838SS888 
d(mm) 

FIG. 1. Flux produced by the electromagnet as a function of applied current. 
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TABLE II. Process parameters for dc magnetron sputtered films. 

Base pressure 7-9X10"7 Torr 
Argon gas pressure 8X10"3 Torr 
DC input power 750 W 
Target/substrate separation 55 mm 
Substrate temperature 10-23 °C 
Deposition rate 4 ytim/h 

Coercivity 25-35 Oe 
Grain size 25-50 nm 

TABLE IV. Optimal process parameters for dc magnetron sputtered films 
plus bias power. 

Base pressure 7-9X10"7Torr 
Argon gas pressure 20X 10"3 Torr 
DC input power 250 W 
RF bias power 90 W 
Substrate temperature 10-17°C 
Target/substrate separation 55 mm 
Deposition rate 1 fim/h 

Coercivity 7-12 Oe 
Grain size 10-25 nm 

structed in-house. By altering the coil current, the magnetic 
flux at the surface of the target was varied by saturating the 
flux within the target in the radial direction. Figure 1 shows 
the radial component of flux parallel to and immediately 
above the target surface as a function of the distance from 
the outer edge of the target for various coil currents. 

For certain experiments, rf bias was applied to the sub- 
strates. The crystalline structure of films were characterized 
using x-ray diffraction (XRD). Grain size and surface rough- 
ness measurements were carried out using atomic force mi- 
croscopy (AFM). Magnetic properties of films were studied 
using a BH hysteresis loop tracer and a magneto-optical 
looper utilizing the longitudinal Kerr effect. Electron micro- 
probe analysis was used to determine the composition of 
films. 

III. RESULTS AND DISCUSSION 

A. Rf diode sputtered films 

As shown in Table I, deposited layers had measured co- 
ercivities in the range 45-50 Oe, grain size varying between 
60-80 nm. Film adhesion was good. Low coercivity films 
could only be produced from rf sputtered layers by post- 
deposition annealing. Deposition rates were low as expected 
from an rf diode configuration. These results are similar to 
those quoted in the literature, and verify the effect of high 
energy secondary electrons which are produced in rf diode 
configurations and are known to produce high coercivity 
layers.3 Film structure and properties could also be affected 
by reflected high energy neutrals4 and negative ion5 bom- 
bardment from impurity ions which could be significant in 
the current experimental conditions. 

TABLE III. Optimal process parameters for dc magnetron sputtered films. 

Base pressure 7-9X10~7 Torr 
Argon gas pressure 20X 10"3 Torr 
DC input power 250 W 
Target/substrate separation 55 mm 
Substrate temperature 10-13°C 
Deposition rate 1 fim/h 

Coercivity 22-30 Oe 
Grain size 25-40 nm 

B. Dc-magnetron films 

Table II shows that coercivities in the range 25-30 Oe 
were typical in the case where no rf substrate bias was ap- 
plied. Adhesion was good, but AFM analysis indicated large 
grain sizes. Variations in process parameters were investi- 
gated and it was found that a reduction in the deposition 
power from 750 to 250 W as shown in Table III, together 
with an increase in process gas pressure from 8 to 20 mTorr 
did result in marginally softer films. The plasma in front of 
the target had a "hollow cone" shape and it was observed 
that where it was in contact with the surface of the substrate, 
deposited film surfaces appeared much smoother due to 
smaller grain sizes which was verified by AFM measure- 
ments. In addition, a slight decrease in coercivity was ob- 
served. A more uniform distribution of plasma was achieved 
by applying rf bias to the substrate during deposition with a 
resulting smoothness of the surface of the deposited films. 
This resulted in a further reduction in grain size and pro- 
duced films which had much improved soft magnetic prop- 
erties (7-12 Oe) as shown in Table IV. Argon was the only 
process gas, but incorporation of N2 has been reported to 
result in further reductions in coercivity.6 The composition of 
films was very close to that of the bulk sendust target. Ex- 
periments showed that the optimum value of rf bias power 
for soft films was in the range 90-100 W. At higher powers 
a marked decrease in film adhesion and an increase in coer- 
civity was observed. The dependence of coercivity on bias 
power for optimum process conditions is shown in Fig. 2. 
Figure 3 shows the relationship between grain size and co- 

Variations in coercivity with bias power 

—♦-Bias power 
—•—No bias power 

Bias power (Watts) 

FIG. 2. Effect of bias power on coercivity. 
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FIG. 3. Variations in coercivity as a function of grain size. 

ercivity, coercivity decreasing as expected with grain size. 
In Figs. 4(a) and 4(b) AFM micrographs of the surfaces of 
two typical films are shown. Figure 4(a) shows films depos- 
ited without the application of a bias power whereas in Fig. 
4(b) the bias power is present and smaller grains have been 
formed. 

When electromagnet coil current was increased to pro- 
duce flux densities of 500-600 Gauss at the target surface 
and a more intense confined plasma, the deposited films had 
a more crystalline structure as indicated by XRD analysis 
and were magnetically harder. The effect may be caused in 
the present experiments by the increased deposition rate up- 
setting the balance between atom arrival and bombardment 
from the substrate plasma. This allows large grains to grow 
with increased deposition rate and hence the production of 
harder layers. Further work could profitably investigate the 
role of nitrogen which has been reported to result in further 
reductions in coercivity. 

IV. CONCLUSIONS 

The optimum process conditions and parameters for 
achieving soft magnetic properties without the need for an- 
nealing and/or N2 reactive sputtering have been determined. 
Soft magnetic properties were found to be dependent mainly 
on small grain size which was achieved by the application of 
rf bias power during deposition. It is believed that the plasma 

0.25 

40.0   DM 

FIG. 4. Atomic force micrographs showing grains in (a) a hard film (b) a 
soft film. 

induced bias provides an energy input by ion bombardment 
which during deposition results in reduced grain size and 
softer layers. 
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Soft magnetic thin films of nanocrystalline Fe-Cu-Nb-Si-B alloy were deposited using the facing 
targets sputtering (FTS) apparatus. It was found that the Fe-Cu-Nb-Si-B single layers thinner 
than 100 nm revealed good soft magnetic properties, of which the saturation magnetization ATTMS 

and the relative permeability fir were 11.3 kG and 500, respectively. However, when these films 
were thicker than 100 nm, their soft magnetic properties degraded due to the perpendicular magnetic 
anisotropy. On the other hand, the soft magnetic properties of the post-annealed films were 
improved owing to the release of stress in the films. Especially, /jt,r of the post-annealed films with 
thickness of 120 nm increased drastically up to around 6200. Furthermore, Fe-Cu-Nb-Si-B/Al 
multilayers revealed superior soft magnetic properties due to the magnetostatic coupling between 
the two ferromagnetic layers. These multilayers post-annealed at 300 °C revealed softer magnetic 
properties than single layers. They exhibited very low coercivity Hc of 0.63 Oe, large 4irMs of 13.2 
kG and high fir of 4600.   © 1998 American Institute of Physics. [S0021-8979(98)41711-0] 

I. INTRODUCTION 

Nowadays, the very soft magnetic thin films with large 
saturation magnetization are required for the development of 
various magnetic components in new electronic devices. 
Therefore, amorphous magnetic alloys have been studied and 
they are used for many applications. Although amorphous 
magnetic Fe-Si-B alloys exhibit large saturation magnetiza- 
tion, their soft magnetic properties tend to degrade in the 
high-frequency range comparing with amorphous Co-based 
alloys. However, it has been reported that Fe-Cu-Nb-Si-B 
alloys exhibit excellently soft magnetic properties and large 
saturation magnetization due to the formation of fine bcc Fe 
crystallites by adding Cu and Nb.1 In addition, they exhibit 
relatively high resistivity comparing with other soft magnetic 
materials, such as Ni-Fe, and superior soft magnetic proper- 
ties in high-frequency range. For these reasons, thin films of 
Fe-Cu-Nb-Si-B alloy, which are also anticipated to reveal 
such superior soft magnetic properties and nanocrystalline 
microstructure, are expected for the materials of core layers 
in the magnetic recording heads. 

In this study, the Fe-Cu-Nb-Si-B thin films were de- 
posited using the facing targets sputtering (FTS) apparatus at 
lower substrate temperature. And then, the films were post- 
annealed at 300 °C in order to improve the soft magnetic 
characteristics of them. Furthermore, the Fe-Cu-Nb-Si- 
B/Al multilayers were fabricated in order to improve soft 
magnetic characteristics of Fe-Cu-Nb-Si-B thin films with 
large thickness. 

II. EXPERIMENT 

The Fe-Cu-Nb-Si-B thin films were deposited on 
glass substrates at the substrate temperature Ts of 30 and 
300 °C using the FTS apparatus with the targets of commer- 
cial Fe75Cu1Nb3Si14B7 alloy under the background pressure 
lower than 1.0X 10~6 Torr. The sputtering Ar gas pressure 

PM was fixed at 1.0 mTorr, and the input power Pin and the 
deposition rate Rd were set at 160 W and 4.5 nm/min, re- 
spectively. In addition, the films deposited at Ts of both 30 
and 300 °C were heated at the annealing temperature TA of 
300 °C in vacuum for 2 h without the magnetic field and 
then, the magnetic characteristics of them were compared 
with those of the as-deposited films. 

In addition, the Fe-Cu-Nb-Si-B/Al multilayers, as 
shown in Fig. 1(b), were deposited at Ts of 30 °C. Fe-Cu- 
Nb-Si-B layers in the multilayer were deposited under the 
same condition as those for the single layers, as shown in 
Fig. 1(a). Al layers were deposited in the same evacuated 
chamber at Pin and Rd of 180 W and 10 nm/min, respec- 
tively. The thickness of each Fe-Cu-Nb-Si-B layer was 
fixed at 70 nm, and the thickness of Al intermediatelayer tA1 

was changed in the range from 0 to 10 nm. And then, these 
multilayers were post-annealed under the same condition as 
those of single layers. 

The crystallographic characteristics of these films were 
evaluated by x-ray diffractometry (XRD). The magnetic 
characteristics of these films, such as the saturation magne- 
tization 4irMs and the coercivity Hc were determined on the 
M-H hysteresis loops measured by the vibrating sample 
magnetometer (VSM). The relative permeability /nr was 
measured by shunt core method at frequency of 1.0 MHz. 

III. RESULTS AND DISCUSSION 

A. Fe-Cu-Nb-Si-B single layers 

Figure 2 shows the XRD diagrams of the Fe-Cu-Nb- 
Si-B single layers deposited at Ts of 30 and 300 °C, and the 
ones post-annealed at TA of 300 °C, respectively. These dia- 
grams of three kinds of films had weak peak corresponding 
to bcc Fe crystallites, of which the grain size was estimated 
to be 2-3 nm. This suggests that relatively high temperature 
process had little effects to the growth of Fe grains, which 
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FIG. 1. Schematic illustration of (a) single layer and (b) multilayer. 
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seem to be uniformly dispersed in these films. Figures 3 and 
4 show the dependence of Hc and fir on the film thickness tF 

for the Fe-Cu-Nb-Si-B single layers deposited at Ts of 30 
and 300 °C, and the ones post-annealed at TA of 300 °C, 
respectively. These characteristics were measured along the 
hard axis of the films. It was found that Fe-Cu-Nb-Si-B 
single layers as-deposited at Ts of both 30 and 300 °C thin- 
ner than 100 nm exhibited low Hc and high fir, of which the 
values of the layers as-deposited at 30 °C were 1.84 Oe and 
500, respectively. However, when these films were thicker 
than 100 nm, their soft magnetic properties degraded drasti- 
cally, so that Hc and fir were 40 Oe and 90, respectively. 
This degradation seems to be originated from the difficulty 
of the magnetization reversal by the appearance of perpen- 
dicular magnetic anisotropy, which is observed in the evapo- 
rated thick Ni-Fe films.2 In addition, there were not any 
significant differences for this tendency between the films 
deposited at Ts of 30 and 300 °C. This result indicates that 
the Ts of 300 °C should not be high enough to change the 
microstructure of the films during deposition. 

On the other hand, the soft magnetic properties of the 
films with tF of 90-120 nm were improved drastically by 
post-annealing. Especially, the films with tF of 100 nm de- 
posited at 30 °C exhibited low Hc of 1.05 Oe and extremely 
high ix r of 6200. The improvement of the characteristics by 
post-annealing seems to be originated from the release of the 
internal stress in the films, which makes it ease to reverse the 
magnetization vector in the films. 
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FIG. 2. X-ray diffraction diagrams of Fe-Cu-Nb-Si-B single layers de- 
posited at Ts of 30 and 300 °C, and ones post-annealed at TA of 300 °C. 

50- 

O  40- 

^ 30- 

•3  20- 
O o 
O   10h 

-»-*iv .    , 

o as-depostited 

post-annealed 
(rA=300°C) 

(fj 1ÜÖ 200^ 3ÜT 
Film thickness % (nm) 

(b) Ts = 300 °C 

FIG. 3. tF dependence of Hc of Fe-Cu-Nb-Si-B single layers. 

B. Fe-Cu-Nb-Si-B/AI Multilayers 

Figure 5 shows the dependence of Hc and /mr on the 
thickness of Al layer tM for Fe-Cu-Nb-Si-B/Al multilay- 
ers deposited at Ts of 30 °C, where the film with tM of 0 nm 
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FIG. 4. tF dependence of ix, of Fe-Cu-Nb-Si-B single layers. 
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FIG. 5. tM dependence of /j.r and Hc of Fe-Cu-Nb-Si-B/Al multilayers 
deposited at Ts of 30 °C. 

corresponds to the 140 nm-thick single layer as shown in 
Fig. 1(a). The multilayers constructed by inserting Al inter- 
mediatelayer with thickness thicker than 2 nm revealed much 
softer magnetic properties than the thicker single layers. For 
example, the as-deposited films with tM of 10 nm exhibited 
low Hc of 2.1 Oe and high jir of 410, of which the value 
were same as those of as-deposited single layers thinner than 
100 nm. These results indicate that the appearance of the 
perpendicular anisotropy in the ferromagnetic layer was sup- 
pressed by insertion of Al intermediatelayer and that the soft 
magnetic characteristics were improved because of the mag- 
netostatic coupling between the two ferromagnetic layers. 

Furthermore, the soft magnetic properties of these mul- 
tilayers were improved by the post-annealing process, as 
found for single layers. Especially, fir increased up to 4600 

and Hc attained at the value as very low as 0.63 Oe for the 
multilayers with tA1 of 2 nm. 

IV. CONCLUSIONS 

Nanocrystalline Fe-Cu-Nb-Si-B thin films were de- 
posited using the FTS apparatus. As a result, it was found 
that Fe-Cu-Nb-Si-B single layers thinner than 100 nm de- 
posited at Ts of 30 and 300 °C exhibited relatively large 
ATTMS of 11.3 kG and high fir of 500. However, when these 
films became thicker than 100 nm, their soft magnetic prop- 
erties degraded drastically. 

On the other hand, fir of the films thinner than 120 nm 
post-annealed at TA of 300 °C were improved drastically. 
Especially the films with tF of 100 nm deposited at 30 °C 
revealed extremely high /mr of 6200. 

In addition, the soft magnetic characteristics of Fe-Cu- 
Nb-Si-B/Al multilayers were improved drastically up to the 
same value as the single layers thinner than 100 nm. Further- 
more the post-annealed multilayers exhibited very lower Hc 

and higher /j,r of 0.63 Oe and 4600, respectively. 
Therefore, these films with such excellently soft mag- 

netic properties seem to be suitable for the core layers in the 
magnetic recording heads. 

'Y. Yoshizawa, S. Oguma, and K. Yamauchi, J. Appl. Phys. 64, 6044 
(1988). 

2N. Saito, H. Fujiwara, and Y. Sugita, J. Phys. Soc. Jpn. 19, 1116 (1964). 
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The saturation magnetostriction constants of thin films of amorphous Co39Ni3IFe8Si8B|4 and 
CoZrTb have been measured either by the small angle magnetization rotation (SAMR) method or by 
the initial susceptibility method. The SAMR method is used for the soft materials. When the 
material is magnetically hard or has a strong perpendicular anisotropy, the initial susceptibility 
method is used. It is found that the amorphous Co39Ni31Fe8Si8Bi4 prepared by ion beam deposition 
from an alloy target shows very soft magnetic properties and has a very small negative saturation 
magnetostriction, ks, of -1X10"7. Sputtered films of CoZrTb show a strong perpendicular 
anisotropy when the concentration of Tb is high. We have found that the SAMR method can be 
applied to CoZrTb films when the Tb content is low. The saturation magnetostricition constant of 
a sputtered film of Co78 4Zr20 8Tb0 8 is 2X 106. When the Tb content is high, however, the initial 
susceptibility method is used to measure magnetostriction. © 1998 American Institute of Physics. 
[S0021 -8979(98) 18311-1] 

I. INTRODUCTION 

The saturation magnetostriction constant of amorphous 
thin films has been measured by the capacitance method.1 

However, this method is usually used to measure the mag- 
netostriction of the thin film on a hard substrate like glass. 
The film and substrate form a bimorph, so the deflection of 
the sample in an applied field is measured and is used to 
obtain the magnetostriction constant. Clearly, this method is 
not practical for thin film samples on soft substrates like 
kapton. As shown in this article, the alternative indirect mea- 
surement method, small angle magnetization rotation 
(SAMR)2 can be used for soft thin films such as 
Co39Ni31Fe8Si8B14 which have a very small magnetostriction 
constant. Films of CoZrTb amorphous alloy are not always 
soft. When the Tb content is not too high, the SAMR method 
can still be used to measure the saturation magnetostriction 
constants. When the content of Tb is high, however, the 
magnetostriction constants were measured using a magneto- 
elastic technique, the initial susceptibility method. 

II. THEORY 

The theory of the methods are introduced briefly here. 
Consider a ribbon with a tensile stress applied parallel to the 
ribbon axis, subjected simultaneously to a small ac magnetic 
field (H±) perpendicular to the sample axis but in the plane 
of the ribbon and a high strength dc field (Hl{) parallel to the 
sample axis. The dc bias field H\\ is high enough that the 
sample is in the saturated state. Hence a vibration of the 
magnetization vector is induced about the dc field direction 
in the sample. The magnetization rotation produces an in- 
duced voltage e2f in a sensing coil around the sample 

e2/= -4irNSXd{Ms cos 6)1 dt, (1) 

where N is the number of turns of the sense coil, S is the 
cross sectional area of the ribbon sample, Ms is the satura- 
tion magnetization of the sample, and 6 is the angle between 
the magnetization and the ribbon axis. The magnetization 
oscillates in the plane of the ribbon around the direction of 
the dc bias field. The magnetization rotation angle is derived 
by minimizing the total energy of the sample. 

sin 6=HX/(H« + Hk + Hs), (2) 

where Hk is the stress induced anisotropy field, and Hs is the 
shape anisotropy field. The magnetocrystalline anisotropy 
and growth induced anisotropy fields are assumed to be very 
small compared to Hk and Hs. When a uniform external 
stress er is applied, the signal e lf changes. If the change of 
e2j is compensated by changing the parallel field Ht, then X v 

can be calculated from the value of AH{1 using the relation 

\,= Aff||M,/(3£T). (3) 

Similar to the above analysis, the SAMR method is extended 
to measure the saturation magnetostriction constant of amor- 
phous magnetic thin films. A force is applied to the substrate 
and the film by means of a pulley and weight system and the 
stress condition of the film is analyzed conventionally.3 The 
magnitude of the stress is below the yield point of both the 
substrate and magnetic film in order to prevent irreversible 
deformation or fracture of the film. The condition of the film 
is monitored by measuring the resistivity of the thin film. It 
is found that the resistivity of the film does not change before 
and after the SAMR experiment. 

By applying a ac field along the long axis of the sample 
and with no magnetic field applied perpendicular to the 
sample, the change of the initial susceptibility with stress can 
be calculated using the following formula: 

"'Electronic mail: rgambino@ccmail.sunysb.edu X=-M2J(3\sa), (4) 
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FIG. 2. The output signal e", as a function of dc bias field. 

where x is the initial susceptibility. From Eq. (4) it can be 
seen that the inverse of the susceptibility depends linearly on 
the stress with slope ( — 2>\SIM2

S). The method is particu- 
larly suitable for hard magnetic thin films or the films with 
strong perpendicular anisotropy, because the method mea- 
sures the saturation magnetostriction constants without satu- 
rating the sample. 

The large parallel dc field and the ac field used in the 
SAMR method are supplied by two pairs of Helmholtz coils. 
Two nearly identical, flat sensing coils are put inside the 
middle of the dc and ac coils and are carefully matched to 
compensate each other when the sample is absent. Complete 
compensation is difficult to achieve, so a mutual inductor is 
connected between the ac Helmholtz coil and the sensor coil 
to get better compensation.4 The output voltage e2/ is de- 
tected by means of a lock-in amplifier. A frequency of 1 kHz 
is chosen so that the system is less susceptible to background 
noise, and can supply a distinguishable signal. This setup is 
also used for the initial susceptibility measurement. 

constant, as determined using Eq. (3), is -1 X 10~7. The 
Young's modulus of the kapton substrate was obtained from 
the DuPont company and it is 2.62 X105 N/cm2. The 
Young's modulus of the thin film is one parameter that is 
very difficult to determine. It has been determined for some 
amorphous ribbon samples.7 The Young's modulus of amor- 
phous film here is approximated as 1.7 X 107 N/cm2. 

IV. SATURATION MAGNETOSTRICTION 
MEASUREMENT OF CoZrTb THIN FILMS 

The CoZrTb thin films were investigated following a 
similar procedure. The Tb is a rare earth (RE) metal and the 
Zr element was incorporated in order to obtain a well defined 
amorphous state even for low RE concentration. 

In the present experiment, the amorphous transition 
metal-rare earth (TM-RE) CoZrTb thin films are prepared 
using facing target magnetron sputtering from composite tar- 
gets. Film composition was determined using energy disper- 

III. SAMR MEASUREMENT OF Co 
FILM SAMPLE 

39Ni51Fe8Si8B14 THIN 150 

The thin film samples were prepared by ion beam sput- 
tering of a target of composition Co39Ni31Fe8Si8B14. This 
alloy has been reported to have extremely small magneto- 
striction and occurs in a composition region where magneto- 
striction is weakly dependent on composition.5'6 The thick- 
ness of the film is 0.5 /xm on a kapton substrate, with 
thickness 75 /um, supplied by the DuPont company. Figures 
1 and 2 are the graphs of e2/ 

and e2f'2 against the dc bias 
field H||. The relation between signal e2/ and tensile stress <r 
was measured as shown in Fig. 3. It shows that the signal 
increases with increasing tensile stress which implies that the 
saturation magnetostriction constant is negative in the 
sample. 

In Fig. 4, the perpendicular ac magnetic field Hx and the 
signal output e2/ are kept unchanged by varying the applied 
stress with respect to the dc bias field. The magnetostriction 
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FIG. 3. The output signal e2e as a function of the applied stress. 
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FIG. 4. The induced anisotropy field as a function of the applied stress. 

sive x-ray (EDX) analysis. It has been shown that, when the 
composition of Tb is high, in spite of their amorphous struc- 
ture, the films can exhibit an anisotropy perpendicular to 
their plane. If the magnetization is sufficiently low, the low- 
est energy orientation for the magnetization is perpendicular 
to the film plane.8 The origins of this perpendicular anisot- 
ropy have been the subject of a number of investigations. 
Short-range pair ordering,9 single-ion anisotropy produced 
by non-s-state rareearth ions,10 stress-induced anisotropies 
produced during the growth process,11 and atomic scale 
structural anisotropy12 have all been suggested as playing a 
role. However, if only a small amount of Tb is alloyed with 
the CoZr, the easy axis is in plane and the SAMR is appli- 
cable. By measuring the change of anisotropy field as a func- 
tion of the applied stresses, the saturation magnetostriction 
constant of the Co78 4Zr2o.8Tb0 8 thin film is obtained by the 
SAMR measurement and it is found to be 2X 10~6. 

Using the initial susceptibility method, the data in Fig. 5 
are obtained for a film of composition Co77.2Zr20.4Tb2.4- The 
saturation magnetostriction constant measured for this com- 
position is 6X 10" 6. What is important is that the magnitude 
of the magnetic field has to be controlled in the linear range 
of the in-plane M — H curve. It is assumed that, in this linear 
range, the magnetization process is reversible. 

One important factor which determines if the material is 
hard or soft is the coercivity. The coercivity is greatly af- 
fected by the roughness of the substrates. Although the kap- 
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FIG. 5. The inverse of the susceptibility as a function of the stress. 

ton substrate provides an easy way to apply the stress to the 
film, at the same time, a compromise has to be made with 
respect to substrate roughness. The roughness of the kapton 
is higher than that of glass by about an order of magnitude. 

The saturation magnetostriction of amorphous 
Co39N31Fe8Si8B14 and CoZrTb thin films is measured either 
by the SAMR or by the initial susceptibility methods. The 
saturation magnetostriction constants of Co39Ni31Fe8Si8B14, 
Co78 4Zr2o.8Tb0 8, and Co77.2Zr20.4Tb2.4 thin films are - 1 
X1(T7, 2X1(T6, and 6X10"6, respectively. 
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Longitudinal-transverse resonance and localization related to the random 
anisotropy in a-CoTbZr films 

G. Surana) and E. Boumaiz 
Laboratoire Louis Neel CNRS BP 166, 38042 Grenoble, France 

The properties of a resonance mode, the existence of which is related to the random local anisotropy 
of the sample, are reported. It was detected in amorphous CoZrTb thin films of low Tb content, in 
which there exists an in-plane uniaxial anisotropy field. Here the angular dependence of the mode 
is shown. In agreement with theory, it changes from a pure longitudinal to a mixed longitudinal 
transverse and a pure transverse state as a function of the orientation of the external field. The 
process is accompanied by the development of a very pronounced Anderson localization process 
due to the high value of the Tb related local anisotropy Kt. © 1998 American Institute of Physics. 
[S0021-8979(98)18411-6] 

Theoretical calculations1 predicted that a ferromagnet 
which possesses a random magnetic anisotropy should ex- 
hibit a resonance mode (RAR for random anisotropy reso- 
nance) specific to this state. 

Very recently we reported that in CoZr rare earth (RE) 
amorphous thin films2'3 a resonance mode with completely 
new properties can be detected, apart from the so-called uni- 
form resonance (UR). The theoretical computation showed 
that for a given configuration a longitudinal resonance mode 
should be observed, while in a crystalline material only a 
transverse resonance can be excited. The first period of our 
investigations was devoted to the demonstration that for cer- 
tain configurations of the external dc field H and of the mi- 
crowave field /?rf this new resonance mode presents a pure 
longitudinal character so that it is a RAR mode. 

Here we report the variations of the properties of the 
RAR when the field H is rotated from the longitudinal to the 
transverse configuration. These measurements showed that in 
conformity with the theory the nature of the RAR mode 
changes and progressively takes up a transverse character. 
The variations of the RAR are accompanied by a very spec- 
tacular Anderson-type localization process, which is the first 
direct experimental observation in magnetism of this type of 
process. 

The RAR mode was detected in amorphous 
Co93_^(RE)^.Zr7 thin films. The films were prepared by rf 
sputtering. The mode could be observed for RE=Nd, Pr, Dy, 
and Tb and for 0<x<4. For this small RE substitution the 
films possess a rather high 4HMS and a small coercive field. 
The results presented here are those obtained for RE=Tb. A 
necessary condition for the observation of the RAR mode is 
that the films display a very well defined in-plane uniaxial 
anisotropy Hk with a negligible skew. Hk, having a magni- 
tude of 50<Hk< 150 Oe, was induced during the deposition 
of the films by applying a dc field parallel to the film plane. 
Other details were reported in Refs. 2 and 3. The ferromag- 
netic resonance measurements (FMR) were made with a 
standard spectrometer at 9.8 GHz. 

In the previous investigations the properties of the RAR 
mode were presented for the configurations which corre- 

"Electronic mail: suran@labs.polycnrs-gre.fr 

spond to the pure longitudinal resonance. This was the case 
when H was applied in the plane (P) defined by Hk and the 
film normal n, and /irf was applied along Hk(a = 0°) and for 
H in the plane P at any angle ff with respect to n. The 
longitudinal nature of the RAR mode was formally demon- 
strated, since it could be excited for the theoretical configu- 
ration, i.e., when //||/!rf||Ms and at various working frequen- 
cies. These experiments showed also that, contrary to the UR 
which is a collective process in which all spins participate, 
only a limited number of spins contribute to the RAR. This 
fact made it possible to explain both the small intensity of 
the RAR mode as compared to the UR one, and the result 
that the resonance field and linewidth related to the RAR 
mode are wholly independent of the angle 6'. This last prop- 
erty is due to the negligible values of the demagnetizing 
fields involved in the RAR process. 

Let us consider now the variations of the RAR and the 
UR when the direction of H is changed by angle 6 in the 
plane perpendicular to both P and the film plane, and the 
microwave field /zrf is applied in the film plane along Hk 

(a=0). The results obtained on a typical sample are pre- 
sented in Figs. 1 and 2. The properties of the UR are consis- 
tent with the classical models. The value of 4IlMj, com- 
puted from the resonance fields in perpendicular (0=0° or 
Z/J and parallel (0=90° or Hl{) configuration, agree well 
with static measurements. The resonance field is maximal 
and minimal for H± and H\\, respectively, and for interme- 
diate values of 6 it follows the theoretical curve established 
for the resonance field of the UR (Fig. 2). The resonance 
linewidth AH0 increases with increasing Tb content in the 
film.2 A//0 is of the same order of magnitude for H± and H$ 
and exhibits a well defined maxima for an intermediate value 
of 6. Such a behavior is archetypal for A//0 of UR in thin 
films and is attributed mainly to geometrical effects.4 

The variations with 6 of the resonance field related to the 
RAR mode are opposite to that of the UR (Fig. 2): It is 
minimal for H± and maximal for Hl{. The variations of the 
linewidth, the shape, and the intensity of the RAR mode are 
also specific. For 8=0° the resonance field Hr and linewidth 
AHr were minimal and the intensity Ir of the mode was 
maximal. The shape of the line is very close to a Lorentzian 
one. When 8 is increased both Hr and A.Hr increase fairly 
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FIG. 1. Spectra of the the uniform (UR) and the random anisotropy resonance (RAR) modes at various angles ft For 03=70° only the RAR mode is reported. 

slowly but continuously and Ir diminishes slightly, while the 
shape of the line is unchanged. These variations become 
more important for larger 6, i.e., when 03=40°. A very large 
change occurs for 0>6O° or when Hr^ 3 kOe. The increases 
of A/fr are fairly large for this range of 8. Moreover, the 
shape of the line is no longer Lorentzian but is strongly 
distorted. When 8 is about —75° the mode splits into two 
lines. Now the observed overall variations change somewhat. 
We detect several irregularly spaced resonance peaks the 
number of which is bigger and the spread of these spectra as 
a function of H is larger when 9 is increased. The linewidth 
and the intensity of these peaks are much smaller than what 
we observed when the spectra were composed of a single 
line, i.e., for 6 ~50°-60°. The peaks with the strongest in- 
tensities are generally located at the high field side of the 

CD 
O 

10 20 30 40 50 60 70 80 90 

0(deg) 

FIG. 2. Variations, as a function of ft of the resonance fields related to the 
UR (■) and the RAR (T) mode, respectively. ( ): computed curve. (I): 
spread of the RAR spectra. 

spectra. This process is most pronounced when 0=90°. In 
this case the spread of the spectra is the greatest and extends 
from Hr~9-U kOe up to Hr~ 14.5-15.5 kOe. The inten- 
sity of the individual peaks is the smallest and their line- 
widths are in the range of 150-300 Oe. The results reported 
here correspond to a film of composition x = 1.6 but this type 
of data was observed for a large number of samples. 

The present results can be explained using the following 
assumptions: (a) the direction of Hk displays a dominant role 
as only those clusters (or group of spins) can participate in 
the RAR mode that have their easy local axis Kt oriented 
sufficiently close to Hk. (b) The magnetic state is deter- 
mined by the ferromagnetic correlation length which is spe- 
cific to a ferromagnetic thin film which possess a Hk .5 Such 
a film exhibits longitudinal and transverse ferromagnetic cor- 
relation lengths proportional to the exchange forces and a 
transverse magnetostatic field, respectively, so the coupling 
length, when no field is applied, is an order of magnitude 
bigger along the transverse direction than along the longitu- 
dinal one.5 

Using these hypotheses, the variations can be explained 
as follows: for 0=0°, as shown by the previous studies, an 
RAR which is purely longitudinal is detected. When the ex- 
ternal field is rotated perpendicular to the plane P, a trans- 
verse component is developed, the magnitude of which 
changes as a function of 6.6 It is fairly small for relatively 
small values of 6, increases when 6 increases, and becomes 
predominant for sufficiently high 6. The fact that each mode 
has both longitudinal and transverse components allows to 
explain the variations versus 6 of the resonance field Hr and 
of the linewidth AHr. In conformity with theoretical com- 
putations, Hr is much bigger for the transverse than for the 
longitudinal case, which explains the increases of Hr when d, 
and so the transverse component of the mode, increases. The 
relaxation process which corresponds to the two configura- 
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tions differs also in accordance with the present results: it is 
much stronger for the transverse case.7 The variations of the 
transverse ferromagnetic correlation length, which decreases 
continuously as Hr increases, is at the origin of the localiza- 
tion process. This localization changes from a weak to a very 
strong one as Hr is increased. Now the wavelength of the 
excited modes is limited by the volume of the ferromagneti- 
cally correlated regions, which diminishes when Hr is in- 
creased. This process makes it possible to explain the split- 
ting of the mode into several modes. For 0=90° the 
transverse correlation length is the smallest, the various 
peaks are spinwaves excited at the level of clusters, and their 
very short wavelength is controlled by the ferromagnetic cor- 
relation length. The configuration 0=90° obviously corre- 
sponds to the pure transverse case, because the applied field 
H is perpendicular to the plane P which defined the pure 
longitudinal one. The high value of Hr and the strong local- 
ization process are due to the high value of Kt related to Tb. 
In conformity with the theoretical computations the trans- 
verse resonance should occur for1 

a)/y=H+K{/Ms. (1) 

If one takes for H~ 14-15 kOe one finds for Kt about 
(1-3)X107 erg/cm3, a result which agrees well with that 
obtained previously.8 Another series of studies, only briefly 
discussed here, confirmed the as proposed mechanism. It 
consists of investigating the variations of the spectra as a 
function of a while 6 is kept constant. As one increased a 
from 0° to 90°, both Hr and A//r decreased. Simultaneously 
the intensity of the mode diminished and finally became un- 
detectable for a critical value of a, i.e., acrit. These varia- 
tions of Hr and AHr are due to the progressive suppression 
of the transverse component of the RAR which recovers its 
longitudinal character. The range of a for which the mode 
can be detected presents spectacular variations as one ap- 
proaches the pure transverse configuration. Now acrit be- 
comes fairly small so the propagation of the RAR mode is 
highly directional. This means that, for example, when 
6= 80° the mode can be detected for |a|<2°-4° and at 
6»=90° for |a|<l°-2°. This effect results from the very im- 
portant localization process as the angle along which the 
propagation is permitted is fairly small. 

It is very instructive to study the variations of the spectra 
versus a at the angle 6 for which the UR and RAR modes 
exhibit the same resonance fields (Fig. 3). It occurs for 30° 
<0<33°. For a=0° a single, strongly distorted resonance 
line is detected and the related linewidth is minimum. As a 
is increased the overall linewidth of the mode increases and 
becomes maximum for a=90°, while its shape tends toward 
a Lorentzian one. This result confirms that when /?rf is ori- 
ented along Hk, only a part of the spins follow the RAR 
process, while all the spins contribute practically to the UR 
when the nonresonant condition (a=90°) for the RAR mode 
is settled down. 

In conclusion, in amorphous thin films, apart from the 
UR, if the film exhibits an in-plane uniaxial anisotropy field 
a resonance mode is detected, the properties of which are 
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FIG. 3. Variations of the overall linewidth of the spectra as a function of a 
for 0=30° and 0=33°, respectively. The definition of the various angles is 
in the inset. 

determined by Kl. The necessity of Hk is related to the basic 
mechanism involved in the RAR process. The computation 
was based on the hypothesis that the static equilibrium axis 
must vary in space due to the disorder. This effect has been 
simulated by a spin-space rotation angle as a dynamical vari- 
able in the equations of motion. The present results, and 
calculations reported elsewhere, show that this angle can be a 
dynamical variable only for spins whose local axis is ori- 
ented sufficiently close to /zrf. The existence of Hk is neces- 
sary in order to obtain an RAR mode which has a sufficiently 
strong intensity. Hk arises from an anisotropic distribution of 
the local easy axis. So the number of clusters which partici- 
pate in the RAR is much higher when hd is directed along 
the easy axis Hk as compared to the isotropic case. 
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Influence of barrier impurities on the magnetoresistance in ferromagnetic 
tunnel junctions 

R. Jansen and J. S. Moodera 
Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 

The effect of barrier impurity atoms on the magnetoresistance of ferromagnetic tunnel junctions has 
been investigated. For that purpose, Co/Al2O3/Ni80Fe20 junctions were prepared with submonolayer 
amounts of Co, Pd, Cu, or Ni incorporated into the middle of the insulating oxide. The junction 
magnetoresistance (JMR) was measured at 77 and 300 K and referenced to that of simultaneously 
prepared control junctions without impurities. The JMR decays approximately linearly with 
increasing impurity content, the slope depending sensitively on the type of element. The decrease is 
most pronounced for Ni, with the normalized JMR going down at a rate of 0.39 Ä"1 of material (at 
77 K), whereas Co shows a relatively weak decay of only 0.08 Ä-1. Pd and Cu represent 
intermediate cases. At 300 K, the suppression of JMR is slightly higher. Results are interpreted in 
terms of spin-flip scattering of tunneling electrons by the impurities. © 1998 American Institute of 
Physics. [S0021-8979(98) 17611-9] 

INTRODUCTION 

Tunneling of electrons between two ferromagnetic elec- 
trodes, separated by a thin insulator, is dependent on the spin 
orientation of the electrons. As a consequence, the resistance 
of a ferromagnetic tunnel junction changes when the relative 
orientation of the electrode magnetizations is altered, an ef- 
fect already known since pioneering experiments by Julliere1 

in 1975. Large values of this so-called junction magnetore- 
sistance (JMR), however, were only recently obtained2'3 and 
the potential for application in low-power magnetic field sen- 
sors or memory devices has been recognized. 

Essential to the existence of JMR is the conservation of 
electron spin during the tunneling process. Indeed, barrier 
spin scattering has probably been one of the factors contrib- 
uting to the low JMR values obtained in early attempts. Scat- 
tering of tunneling electrons by localized spins and the re- 
sulting effect on the tunnel conductance have been analyzed 
by Appelbaum4'5 and by Anderson.6 With respect to the 
JMR, the reduction due to spin scattering may be understood 
with the help of the following simple picture. In the absence 
of spin flips, the tunnel conductances Gp and Gap, respec- 
tively, for parallel and antiparallel orientations of the elec- 
trode magnetizations can be written as 

G, = G(1 + P1P2), (1) 

Gap = G{\-PxP2), (2) 

where P^ and P2 are the electron polarizations of electrodes 
1 and 2, while G is a constant. The JMR is then defined as 

JMR= o)/Gp (3) :(Gp-Gap 

Next consider a spin-up electron tunneling from electrode 1 
to 2. When a spin-flip event occurs in the barrier, it has to 
enter a spin-down empty state in electrode 2. In other words, 
for electrons that change their spin during tunneling, it is as 

if the magnetization of electrode 2 has been reversed, i.e., 
they exhibit an inverse magnetoresistance. Denoting their 
fraction by /, the conductance for parallel magnetization be- 
comes (l-f)Gp+fGap and similarly for the antiparallel 
case. Simple algebra then shows that the JMR is now equal 
to 

JMR= 
(1-2/)-JMR0 

1 (4) -/•JMR0   ' 

where JMR0 is the magnetoresistance in the absence of spin- 
flip scattering (/=0). In first approximation, the JMR is thus 
expected to go down linearly with the fraction /, since the 
denominator is close to unity for ferromagnetic tunneling 
with JMR0« 0.3. 

High quality A1203 tunnel barriers can be prepared with 
great reproducibility.3 This allows us to study electron spin 
scattering in a systematic and controlled manner, i.e., by in- 
troducing a well-defined amount of known foreign elements 
into the barrier, and recording the resulting decrease of the 
JMR. Note that scattering at the Fermi energy is of impor- 
tance here, as tunneling electrons generally originate from 
states in a narrow energy interval around the Fermi level. 
Moreover, barrier layers are usually oxides (mostly A1203) 
such that the incorporated impurity atoms are in an oxygen 
environment. Traditionally, these are studied with optical ab- 
sorption, spin resonance, and Mössbauer spectroscopy. How- 
ever, in the present experiment, their effect on spin-polarized 
transport is studied, providing an interesting comparison 
with the spin-scattering properties of their metallic counter- 
parts. 

In this article we present JMR measurements at 77 and 
300 K for Co/Al203/Ni80Fe20 tunnel junctions with sub- 
monolayer amounts of Co, Pd, Cu, or Ni incorporated into 
the oxide barrier. We show that the JMR decays in a linear 
fashion, with the strongest decrease for Ni and only a minor 
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JMR reduction for Co at 77 K. Results are discussed in terms 
of spin-flip scattering on the basis of the possible magnetic 
configurations of the impurities. 

EXPERIMENT 

Ferromagnetic tunnel junctions were prepared by ther- 
mal evaporation in a high vacuum system with a base pres- 
sure of 1X 10~7 mbar. Initially, a 10 Ä Si seed layer was 
deposited onto a 5 X 5 cm2, liquid-nitrogen-cooled glass sub- 
strate. A total of 12 Co strips, typically 80 Ä thick and 0.2 
mm wide, were deposited as bottom electrodes. The tunnel 
barrier was then prepared as follows. First all Co strips were 
covered with a 7 Ä thick Al film. Over one half of each Co 
strip, a submonolayer amount of impurities (thickness t) was 
then evaporated, leaving the other half uncoated. The com- 
plete structure was then overcoated with another 7 Ä of Al. 
Thus, half of each Co strip has a total of 14 Ä of Al without 
impurities; in the other half the submonolayer of impurities 
is sandwiched between two 7 Ä thick Al layers. Impurities 
are either Co, Pd, Cu, or Ni. Subsequently, the substrate was 
warmed to room temperature and oxidized in a glow dis- 
charge in oxygen at 7X 10~2 mbar and a dc voltage of 1.8 
kV for 110-120 s. This ensures complete transformation of 
all Al into A1203. After pumping down again, cross strips of 
the Ni80Fe20 top electrode (100-150 Ä thick and 0.3 mm 
wide) are deposited at room temperature. For each individual 
Co bottom strip, three Ni80Fe2o cross strips are located in the 
half section that contains impurities, while three others are 
deposited in the part with t=0. For the ferromagnetic top 
and bottom electrodes, an in-plane magnetic field (100 Oe) 
was applied during growth. Film thicknesses are determined 
with a quartz crystal monitor with an absolute accuracy of 
8%. 

The prepared junctions have an area of 6X10~4 cm2 

and room temperature resistance between 1 and 25 kO. Mag- 
netoresistance was measured at 77 and 300 K with an ac 
resistance bridge (Linear Research, LR700), using a four- 
terminal method. 

24 
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1                        ■ 0.6 A Ni 
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FIG. 1. Magnetoresistance curves for tunnel junctions containing 0.6, 1.2, 
and 1.8 Ä of Ni, respectively, together with the corresponding control junc- 
tion without Ni. Data are obtained at 77 K and the resistances are multiplied 
by a constant factor for each curve to have an equal value of 20 kfl at high 
fields. 

the JMR data presented below. Only for Co at t—1.8 Ä was 
a substantially higher resistance ratio of about 1.75 found. In 
short, we found no major changes in the tunneling transport 
properties of the junctions used here, with the exception of 
Co at higher thickness. 

As an example, magnetoresistance curves for Ni- 
containing junctions are presented in Fig. 1, for 0, 0.6, 1.2, 
and 1.8 Ä of Ni, respectively. Data were obtained at 77 K 
and, for ease of comparison, resistances are multiplied by a 
constant factor for each curve to have an equal value of 20 
kfl in the high magnetic field state. We observe a significant 
reduction of the JMR with increasing Ni content, from 
17.6% for the control junction to 13.3%, 9.6%, and 6.1%, 
respectively, for t=0.6, 1.2, and 1.8 Ä of Ni. Note that the 
shape of the JMR curves remains practically unchanged. 

Figure 2 shows JMR versus thickness t obtained at 77 K 
for Co, Pd, Cu, and Ni, normalized to the JMR of the corre- 

RESULTS AND DISCUSSION 

Before describing the magnetoresistance data, a few re- 
marks about the tunneling resistance itself are appropriate. 
Due to the presence of incorporated foreign elements in the 
oxide barrier, additional transport mechanisms may be 
present. For example, tunneling may occur via metallic 
inclusions/clusters7 or impurity induced defect states in the 
barrier.8 If such effects are present, they should be reflected 
in the junction resistance, since they provide extra current 
channels. Also, they will contribute to a decreased JMR.9 For 
the junctions studied here, the resistance is generally compa- 
rable to that of control samples, while in extreme cases the 
resistance differs by no more than a factor of 2.5. This shows 
that the formation of the oxide barrier is not inhibited. The 
resistance ratio, R11K/RmK, is only slightly higher for 
some sets of impurity containing junctions, with ratios rang- 
ing from 1.2 to 1.5, compared to 1.2-1.35 for the control 
junctions. However, no correlation with the drop of the JMR 
was evident, although it may account for part of the scatter in 
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FIG. 2. Normalized JMR vs thickness t of the layer of impurities present in 
the tunnel barrier. Data, measured at 77 K, are shown for Co (filled circles), 
Pd (open squares), Cu (open circles), and Ni (filled squares), together with a 
linear fit (solid lines). 
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sponding control junctions. Similar data acquired at 300 K 
are given in Fig. 3. We observe an approximately linear de- 
crease of JMR with t, with the strongest decay for Ni 
(0.39 Ä"^1 at 77 K). Interestingly, for Co only a very weak 
suppression of the JMR is found (decay of 0.08 A-1 at 77 
K), while elements like Pd and Cu that are nonmagnetic in 
metal form have a much larger influence than Co. The same 
applies at 300 K, where for all materials the reduction is 
somewhat enhanced, most notably for Pd and Ni. Note that 
only in case of Co at 300 K, a clear deviation from a linear 
dependence is found at higher values of t. We will come 
back to this point below. 

The linear behavior can be understood with help of Eq. 
(4) by assuming that, for the submonolayer thicknesses used 
here, the covered junction area increases linearly with t. This 
is a reasonable assumption considering the fact that the im- 
purity atoms were deposited with the substrate cooled with 
liquid nitrogen, thereby minimizing surface diffusion and 
clustering effects. The net result is that the fraction / of 
tunneling electrons that experience a spin flip, scales linearly 
with t, provided that the spin-scattering properties of the 
impurities are not affected by the increasing interaction 
among the impurities at higher coverage. 

Comparing different elements, the weak reduction for 
Co is remarkable. However, a possible explanation may be 
found by considering the most frequently encountered oxida- 
tion states.10 The Co2+ ion has a 3c?7 electron configuration, 
with a corresponding spin11 of 5 = 3/2. The Co3+ ion has a 
3d6 configuration and is generally found in a low-spin state10 

with no magnetic moment, as in A1203.12'13 We may there- 
fore tentatively ascribe the weak influence of Co to the domi- 
nant presence of Co in a trivalent oxidation state. For Ni2+ 

and Ni3+ ions, respectively, 5=1 and 5= 1/2 are expected" 
in A1203. A magnetic moment is thus present irrespective of 

R. Jansen and J. S. Moodera 

the oxidation state, which would provide a qualitative expla- 
nation of the observed difference in behavior between Ni and 
Co. 

Along the same line of reasoning, Cu is mostly found10 

as Cu+ with a nonmagnetic 3d10 closed-shell configuration 
(as in Cu20) or as Cu2+ with 5= 1/2 (as in CuO). It however 
also exists as Cu3+ with 5= 1 in some ternary oxides and as 
impurities11 in A1203. The case of Pd is a special one, since 
it is only known to appear in a divalent oxidation state (as in 
PdO), with a 4ds configuration. For an octahedral oxygen 
coordination Hund's rules would lead to a 5= 1 state. How- 
ever, for other oxygen geometries like the square planar one 
found in PdO, a nonmagnetic state results due to crystal field 
effects.10 More detailed information about the magnetic 
properties of Pd in A1203 is thus required. 

Finally, we discuss the behavior of Co at 300 K, for 
which we did not find a linear relationship between JMR and 
t. This may be related to a change in the magnetic structure 
at higher Co content or to an increased interaction of the Co 
atoms at higher thickness. However, since also a stronger 
temperature dependence of the resistance was found, the 
faster decrease of JMR might also be caused by the presence 
of an additional current mechanism, such as temperature ac- 
tivated tunneling through Co-derived states. To clarify this, 
further investigations are underway. 

In conclusion, the incorporation of submonolayer 
amounts of impurities in the barrier of ferromagnetic tunnel 
junctions leads to a linear decrease in the JMR. The effect is 
most pronounced for Ni and relatively weak for Co. The 
results show that tunneling magnetoresistance can be se- 
verely reduced as a result of spin scattering. 
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We have fabricated ferromagnet-insulator-ferromagnet tunnel junctions with Co and NiFe 
electrodes, where the Co electrodes are pinned with a hard magnetic Co81Pt19 alloy layer. This 
approach gives a coercivity of about 300 Oe for the Co layer, while that of the NiFe is about 80 Oe, 
so we obtain antiparallel magnetization over a wide field range. The A1203 tunneling barrier layers 
were formed by in situ plasma oxidation of elemental Al layers with thicknesses from 10 to 25 A. 
For the junctions, we find room temperature magnetoresistance ratios as high as 13% and nonlinear 
current-voltage curves that are well fit by the Simmons tunneling theory. Depth profiling x-ray 
photoelectron spectroscopy of oxidized Al barrier layers on Co underlayers reveals a stoichiometry 
of nearly A1203.   © 1998 American Institute of Physics. [S0021-8979(98)50011-4] 

Rp is the resistance difference between the 
9,10 the tunnel 

I. INTRODUCTION 

Recent progress in the deposition of high quality 
ferromagnet-insulator-ferromagnet trilayers has led to sizable 
spin-dependent tunneling magnetoresistance effects.1-8 The 
size of the magnetoresistance makes spin-dependent tunnel 
junctions of interest for device applications, including mag- 
netic random access memories and magnetic recording read 
heads. In order to approach the maximum achievable mag- 
netoresistance ä.RIRp = 2p\p1l(\—pip1), where/?! and/?2 

are the spin polarizations of the two ferromagnetic electrodes 
and LR = R 
antiparallel and parallel magnetization states,1 

barrier layer must be a continuous, smooth, homogeneous 
insulator with very clean interfaces with the ferromagnetic 
layers. Spin-dependent tunneling also requires a mechanism 
to switch between parallel and antiparallel alignment of the 
two ferromagnetic layers' magnetizations. Previous work has 
achieved antiparallel alignment of the magnetizations by 
choosing ferromagnetic materials with sufficiently different 
coercivities,1"4 pinning with exchange anisotropy from an 
antiferromagnet,6'8 or altering the deposition temperature to 
create a difference in coercivities.5 

In this article, we study the tunneling magnetoresistance 
effect for junctions in which we magnetically bias the bottom 
ferromagnetic electrode with a hard ferromagnetic layer to 
allow an antiparallel alignment of magnetizations on the two 
sides of the insulating barrier. We have fabricated 
Co81Pt19/Co/Al203/NiFe spin-dependent tunnel junctions in 
which the hard magnetic Co81Pt19 alloy layer pins the Co 
layer, effectively increasing its coercivity well above that of 
the NiFe layer. The A1203 barrier layer is formed by expos- 

a*Electronic mail: fred.mancoff@stanford.edu 

ing a thin Al film, grown on the Co81Pt19/Co bilayer, to an 
oxygen plasma. The junctions show nonlinear current- 
voltage (I-V) curves, indicative of tunneling across the 
A1203. Our best room temperature magnetoresistance results 
of AR/Rp=13%-16%, obtained for a 15-20 Ä Al film 
oxidized for 30 s-2 min, are close to values from previous 
work on Co-NiFe tunnel junctions.4 X-ray photoelectron 
spectroscopy (XPS) studies of the tunneling barrier reveal 
nearly stoichiometric A1203 for different oxidation condi- 
tions. 

II. EXPERIMENT 

The tunnel junctions were deposited by dc magnetron 
sputtering at room temperature on Si(001) wafers with the 
following layer structure: Si/500 Ä Pt/200 Ä Co81Pt19/200 Ä 
Co/Al2O3/500 Ä NiFe. The base pressure prior to deposition 
was <5 X 10~9 Torr, and sputtering was done in 1.5 mTorr 
Ar. The Co81Pt19 layers were deposited by cosputtering from 
separate elemental targets. The A1203 was formed by first 
depositing Al films with thicknesses of 10-25 A followed by 
in situ exposure to an oxygen plasma for durations between 
30 s—10 min, at powers of 5-30 W and oxygen pressures of 
23-200 mTorr. All layers were deposited prior to removing 
the sample from the vacuum chamber. After deposition of 
the structure, tunnel junctions with areas from 10X20yu,m2 

to 50X50 yum2 were patterned by standard optical lithogra- 
phy and wet chemical etching. The 500 Ä Pt layer served as 
a seed layer for junction deposition as well as an unpatterned 
bottom electrode in the final devices. Magnetoresistance 
loops and /- V curves were measured at room temperature 
using a probing station with dc current in two point geom- 
etry. Magnetic hysteresis loops were measured prior to pat- 
terning of the wafers using a vibrating sample magnetometer 

0021-8979/98/83(11 )/6685/3/$15.00 6685 © 1998 American Institute of Physics 
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FIG. 1. Room temperature magnetization vs applied magnetic field for the 
Si/500 Ä Pty200 Ä Co81Pt19/200 Ä Co/Al2O3/500 Ä NiFe spin-dependent 
tunneling structure. 
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FIG. 2. (a) Room temperature resistance (/?) and magnetoresistance ratio 
(AR/Rp) vs applied magnetic field for tunneling between Co8|Pt|9/Co and 
NiFe electrodes across a A1203 barrier, formed from a plasma oxidized 15 Ä 
Al film. Resistance was measured with a 3 mV voltage bias across the 30 
X 50 /xm2 junction, (b) Tunneling current vs applied voltage (open circles) 
is well fit by the Simmons tunneling theory (solid line) with barrier thick- 
ness s= 13 Ä and height A = 3 eV. 

(VSM) at room temperature. Also, the chemical composition 
of the oxide layers was examined by ex situ XPS with sputter 
etch depth profiling on samples with a Al-0 layer grown on 
a Co film with a glass substrate and a Pt capping layer. The 
XPS spectra were recorded around the Al 2s, Ols, 
Co 2p3/2, and Pt 4/ peaks. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the magnetic hysteresis loop at room 
temperature for a Co-Al203-NiFe tunnel junction using a 
Co81Pt19 alloy layer to magnetically bias the Co. The mag- 
netizations of the Co and NiFe layers reverse direction sepa- 
rately, with coercivities ~ 80 Oe for the NiFe and ~ 300 Oe 
for the Co. In the magnetic field range between these coer- 
civities, the antiparallel alignment of the ferromagnets' mag- 
netizations is expected to lead to a decrease in the tunneling 
current across the barrier and a corresponding increase in the 
resistance of the device.9 Magnetic hysteresis loops for simi- 
lar Co-Al208-NiFe junctions grown without the Co81Pt,9 

layer displayed a single coercivity of ~ 20 Oe, without sepa- 
rate reversal of the Co and NiFe layer magnetizations. Thus, 
the Co81Pt19 layer increases the coercivity of the Co, with 
which it is in direct contact, as well as the coercivity of the 
NiFe to a lesser degree. This change from 20 to 80 Oe can be 
explained in terms of ferromagnetic orange peel coupling 
across the barrier. Cross-sectional transmission electron mi- 
croscopy (TEM) images reveal a continuous A1203 barrier 
that is conformal with the —25 Ä amplitude roughness of the 
Co electrode. Using this roughness value along with the 
—450 Ä mean lateral size of the roughness features observed 
by TEM, Neel's model11 for orange peel coupling gives an 
exchange field —40 Oe. When added to the original 20 Oe 
NiFe coercivity, the result is comparable to the observed 80 
Oe NiFe coercivity in the presence of the Co8iPt19. 

Shown in Fig. 2(a) is the room temperature magnetore- 
sistance curve versus applied magnetic field for a 30 
X50 yLtm2 area device fabricated on a wafer with a 15 Ä Al 
film oxidized for 30 s in 23 mTorr of oxygen with 30 W 
applied power. The resistance of the device as a function of 

applied field was measured for a constant low voltage bias of 
3 mV applied across the device. The maximum magnetore- 
sistance for our devices AR/Rp~ 13%-16% is close to the 
room temperature values for previous studies of 
Co-Al203-NiFe spin-dependent tunnel junctions.4 The 
peaks in the magnetoresistance for this and other devices are 
relatively flat, indicating the presence of an antiparallel 
alignment of the Co and NiFe magnetizations over a wide 
applied field range due to the Co81Pt19 hard biasing layer. 
Figure 2(b) shows the results of an /- V measurement at zero 
applied magnetic field for this device. The nonlinear shape of 
the curve is characteristic of electron tunneling as the method 
of conduction across the barrier layer. A fit of this curve to 
the form given by the Simmons tunneling theory [Fig. 2(b), 
solid line] describes the data well.12 The thickness parameter 
resulting from the fit is around —13 Ä, in reasonable agree- 
ment with the thickness of the original 15 Ä Al film for the 
barrier, and the barrier height given by the fit of — 3 eV is 
consistent with typical values for A1203 tunnel junction 
barriers.2'4 

We have investigated the junction area dependence of 
the tunneling conductance at zero applied field and low volt- 
age bias for devices from this wafer with nominal junction 
areas of 30 X 30, 30 X 50, and 50 X 50 ^m2. The devices were 
all located close to each other on the wafer. The conductance 
increases linearly with area as expected, indicating that elec- 
trons tunnel uniformly over the area of the junction. The line 
extrapolates to zero conductance at a finite, nonzero junction 
area, indicating an offset between the nominal and actual 
junction areas, likely due to an undercut of the junction stack 
from the chemical etch step during lithography. 

We used ex situ XPS with sputter etching to investigate 
the chemical composition depth profile of plasma oxidized 
Al layers, capped with 20 Ä Pt, grown on 200 Ä Co under- 
layers on glass substrates. We discuss the results for two 
samples, each with 20 Ä Al originally deposited and oxi- 
dized for 1 and 5 min in 23 mTorr oxygen with 30 W applied 
power. Tunnel junctions on a similarly prepared 1 min oxi- 
dized wafer showed tunneling magnetoresistance up to 12%, 
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FIG. 3. XPS intensities vs depth profile sputter etch time for Al 2s (circles), 
O Is (squares), and Co 2pm (diamonds) peaks for 20 Ä Al films, grown on 
200 Ä Co underlayers and capped with 20 Ä Pt, oxidized for (a) 5 and (b) 1 
min. Similarly prepared 1 min oxidized tunnel junctions displayed up to 
12% tunneling magnetoresistance, and 5 min oxidized junctions showed no 
magnetoresistance. Inset: The ratio of atomic percent O to Al vs etch time 
indicates the stoichiometry of the oxidized Al layer is nearly A1203 for both 
5 and 1 min oxidized samples through the majority of the oxidized Al layer. 

while junctions on a 5 min oxidized wafer displayed no mag- 
netoresistance. Figures 3(a) and 3(b) show the development 
of the XPS peak integrated intensities with etch time for the 
5 and 1 min oxidized samples, respectively. The Pt 4/ inten- 
sity from the capping layer decreases rapidly, while the Al 2s 
(circles) and Ols (squares) intensities first increase and then 
decrease. The Co 2p3/2 intensity (diamonds) increases after 
etching through the majority of the oxidized Al layer. The 
ratio of O to Al atomic percent [Figs. 3(a) and 3(b), insets] is 
calculated by first normalizing the observed peak intensities 
using tabulated O Is and Al 25 XPS sensitivities. The solid 
lines in Fig. 3 are guides to the eye, and there is a slight 
difference between Figs. 3(a) and 3(b) in etch times required 
to profile all the layers. For both samples, the oxidized Al 
layer stoichiometry is within a few percent of the desired 
A1203, with the exception of the initial etch step (when oxy- 
gen contamination is removed from the surface) and a tail of 
excess O that extends a few Ä into the Co region. This re- 
sidual oxygen tail could result in part from sputter yield dif- 
ferences between Al and O for the etch process. 

The tunneling magnetoresistance is typically sensitive to 
oxidation time for a given thickness of Al. The magnetore- 
sistance will decrease with either over oxidation of the bar- 
rier, leading to formation of Co-oxide at the interface with 
the bottom Co electrode, or underoxidation, leaving a layer 
of pure Al at this interface.1'4 XPS energy resolution is typi- 
cally sufficient to detect the ~ 1 to 2 eV energy shift in an 
element's spectrum due to formation of a chemical bond in a 
compound versus the pure element, making this technique 
useful to search for an oxidized Co or unoxidized Al layer. 
For both samples, we detect a single Al peak, corresponding 
to A1203, through the thickness of the barrier. We observe a 
shoulder on the high energy side of the Co 2pm Peak, as 
expected for formation of CoO13 and consistent with the ob- 
served oxygen tail [Figs. 3(a) and 3(b)]. For the 1 and 5 min 
oxidized samples, we fit the spectra in the Co 2py2 energy 
region using separate Gaussian peaks for Co and CoO, offset 
by ~ 2 eV in position. The 5 min oxidized sample displays a 

slightly more prominent CoO peak, relative to the Co, than 
the 1 min oxidized sample at the start of the Co layer. This 
effect is consistent with the decreased magnetoresistance in 
the 5 min oxidized sample compared to the 1 min oxidized 
sample. Thus, we conclude from the XPS data that the sto- 
ichiometry of the barrier layers is very nearly A1203 as de- 
sired, with increased CoO formation at longer oxidation time 
leading to decreased magnetoresistance. 

IV. CONCLUSION 

We have fabricated Co/Al203 /NiFe spin-dependent tun- 
nel junctions using a hard magnetic CoslPti9 alloy to bias 
the Co layer coercivity well above that of the NiFe layer. 
With this approach, we can achieve antiparallel alignment of 
the Co and NiFe magnetizations over a wide range of applied 
magnetic field. The coercivity of the NiFe is affected by 
ferromagnetic orange peel coupling across the tunnel barrier. 
The tunnel barrier layers are formed by exposing a thin layer 
of elemental Al on top of the Co and Co81Pt19 layers to an 
oxygen plasma. The junctions show nonlinear I-V curves 
well described by the tunneling model and spin-dependent 
tunneling magnetoresistances as large as 13%. The conduc- 
tance of the junctions, measured at low applied voltage bias, 
depends linearly on the junction area as expected. Depth pro- 
filing XPS measurements indicate that the insulating barrier 
layers have nearly the correct A1203 stoichiometry for a 
range of plasma oxidation times. The utilization of a hard 
magnetic layer to bias one of the ferromagnetic electrodes 
offers a new technique for switching between parallel and 
antiparallel alignment of magnetizations in the tunnel junc- 
tion. 

ACKNOWLEDGMENTS 

The authors thank T. Clark for TEM micrographs. This 
work is supported by the NSF-MRSEC Program through the 
Center for Materials Research at Stanford University, the 
NSF under Grant No. ECS-9700168, CNRS and NATO 
(J.F.B.), the Hertz Foundation (F.B.M.), and Sony (K.B.). 
The lithography of spin-dependent tunneling devices was 
performed at the Stanford Nanofabrication Facility supported 
by NSF and industrial members. 

'j. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev. 
Lett. 74, 3273 (1995). 

2J. S. Moodera and L. R. Kinder, J. Appl. Phys. 79, 4724 (1996). 
3C. L. Platt, B. Dieny, and A. E. Berkowitz, Appl. Phys. Lett. 69, 2291 

(1996). 
4J. S. Moodera, E. F. Gallagher, K. Robinson, and J. Nowak, Appl. Phys. 

Lett. 70, 3050 (1997). 
5T. Miyazaki and N. Tezuka, J. Magn. Magn. Mater. 139, 231 (1995). 
6W. J. Gallagher, S. S. P. Parkin, Y. Lu, X. P. Bian, A. Marley, K. P. 
Roche, R. A. Altman, S. A. Rishton, C. Jahnes, T. M. Shaw, and G. Xiao, 
J. Appl. Phys. 81, 3741 (1997). 

7Y. Lu, X. W. Li, G. Q. Gong, G. Xiao, A. Gupta, P. Lecoeur, J. Z. Sun, Y. 
W. Wang, and V. P. Dravid, Phys. Rev. B 54, 8357 (1996). 

8Y. Lu, R. A. Altman, A. Marley, S. A. Rishton, P. L. Trouilloud, G.Xiao, 
W. J. Gallagher, and S. S. P. Parkin, Appl. Phys. Lett. 70, 2610 (1997). 

9M. Julliere, Phys. Lett. A 54, 225 (1975). 
10J. C. Slonczewski, Phys. Rev. B 39, 6995 (1989). 
11L. Neel, C. R. Hebd. Seances Acad. Sei. 255, 1676 (1962). 
12J. G. Simmons, J. Appl. Phys. 34, 1793 (1963). 
13T. J. Chuang, C. R. Bundle, and D. W. Rice, Surf. Sei. 59, 413 (1976). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Picotesla field sensor design using spin-dependent tunneling devices 
Mark Tondra,a) James M. Daughton, Dexin Wang, Russell S. Beech, Anita Fink, 
and John A. Taylor 
Nonvolatile Electronics, 11409 Valley View Rd., Eden Prairie, Minnesota 55344 

Pinned spin-dependent tunneling devices were fabricated and tested in a mode suited for low-field 
sensing. The basic structure of the devices was NiFeCo 125/Al2O325/CoFe70/Ru9/CoFe70/ 
FeMnl25 (in Ä). This structure had a tunneling resistivity of llOMflyurn2 and exhibited a 20% 
magnetoresistance when a field was swept along the easy direction of the soft electrode. High 
sensitivity, low hysteresis operation was achieved by applying a bias field orthogonal to the easy 
axis. A sensitivity of 3%/Oe with negligible hysteresis was observed using this mode of operation. 
A sensor using this type of material was designed to achieve a minimum resolvable field in the 
picotesla range. The sensor consists of a bridge with four elements, each having 16 tunnel junctions 
in series. A signal-to-noise ratio of 1:1 at 1 pT (1CT8 Oe) is possible assuming achievable values 
for the tunneling resistivity, device size, bias level, and sensitivity. © 1998 American Institute of 
Physics. [S0021-8979(98)52611-4] 

I. INTRODUCTION 

Tunneling devices have been used for many years as a 
way to study spin polarization in ferromagnetic thin films.1"3 

Typically, the experiments were carried out at low tempera- 
ture since one of the electrodes was superconducting Al. Siz- 
able room temperature tunneling magnetoresistance in simi- 
lar structures was first reported in 1995 by Moodera4 and 
Miyazaki,5 though that of Ref. 5 was overstated due to non- 
uniform current distribution effects.6 These recent reports 
demonstrated the utility of spin dependent tunneling (SDT) 
structures for a number of practical applications. Several pa- 
pers have been published discussing their use in magnetore- 
sistive memory and read head applications.7-9 The present 
work shows results from recently constructed SDT elements 
which are designed to be used in a low magnetic field sensor. 

Data from these elements show about 20% junction 
magnetoresistance (JMR) at room temperature. When these 
elements are operated in a special orthogonally biased mode, 
they have 3%/Oe sensitivity with little hysteresis and a bipo- 
lar linear response (excellent for low field sensing). A gen- 
eral calculation of the minimum detectable field for a given 
element sensitivity is given, showing that the signal-to-noise 
ratio of an N-element array of SDT devices goes as -JN. It is 
shown that 1 pT (10~~8 Oe) sensitivity is achievable using 
these elements in a design which is practical from both a size 
and power standpoint. A complete sensor design applying 
these principles is described below, and is followed by a 
discussion of design tradeoffs in sensor power, size, and sen- 
sitivity. 

II. SDT ELEMENT DESIGN AND FABRICATION 

The material structure is NiFeCo 125/A1203 25/CoFe 
70/Ru 9/CoFe 70/FeMn 125, as shown in Fig. 1." The SDT 
material was deposited using rf diode sputtering. The A1203 

layer was formed by reactively sputtering Al. Once the ma- 

terial is deposited on 4 in. Si wafers, the SDT devices are 
patterned using standard semiconductor lithography tech- 
niques as described in previous work.8 A finished device is 
depicted in Fig. 2. 

It is possible to achieve 25% junction magnetoresistance 
(JMR, defined as A WVmin and expressed as a percentage) at 
room temperature with a simpler structure (for instance, 
NiFeCo 125/A1203 25/CoFe 125) as long as the two mag- 
netic electrodes have different coercivities. However, the R 
vs H characteristics of such a device are not very good for 
sensor applications due to high hysteresis and nonlinearity. 
Consequently, we have incorporated an antiferromagnetic 
(AF) pinning mechanism (an FeMn pinned Co/Ru/Co/AF 
coupled sandwich) for the top electrode and an orthogonal 
biasing scheme for the bottom. Together, the resulting R vs. 
H behavior is nonhysteretic, very sensitive at zero field, and 
has usable linearity at zero field. The top electrode is de- 
signed to be the "hard" layer. Its magnetization remains 
rigidly fixed in small fields. The soft layer, whose easy axis 
is parallel to the pinning axis of the hard layer, is free to 
rotate under the influence of an applied field. The resistance 
response due to an applied field along the easy axis is shown 
in Fig. 3. These data show that the soft layer switches very 
quickly and uniformly. Data collected with a denser field 
spacing indicate that the entire switch takes place in less than 

Pinning Layer (FeMn) 

Top electrode: 
(CoFe/Ru/CoFe) 

Barrier (A1203) 
Bottom electrode (NiFeCo) 

Substrate 
Side View 

">1 Electronic mail: markt@nve.com 
FIG. 1. Cross section of a pinned SDT device with the top electrode being 
a CoFe/Ru sandwich. 
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Alum. Contacts Si3N4 

Side View 
FIG. 2. Cross section of a lithographically patterned SDT device. The lateral 
dimensions can range from 2.5 X 2.5 //,m to 1X1 mm. 

Field (Oe) 

FIG. 4. Magnetoresistance as a function of field for pinned SDT device with 
an externally applied hard axis bias. The field is being swept along the easy 
axis of the soft layer, and the hard layer is pinned in the negative direction, 
parallel to the easy axis. The dotted line, inserted as a guide to the eye, 
corresponds to a sensitivity of roughly 3%/Oe. 

100 mOe. Unfortunately, this switching is dominated by do- 
main wall motion and is inherently noisy. A quieter, more 
linear mode of operation is required for a low field sensor. 

It can be shown that a low dispersion film is very sensi- 
tive to magnetic fields in the easy direction when it is biased 
in the hard direction with a field just over the anisotropy 
field. Not only is the film sensitive, but it also rotates as a 
single domain with little or no hysteresis. When this is done 
to the soft layer of a pinned SDT element, the element's 
resistance is also very sensitive because 90° is the angle at 
which dRIdd is highest. 

The data in Fig. 4 were collected from a device biased in 
this way. The device was on the wafer, and the biasing was 
done with a permanent magnet positioned about 50 mm 
above the wafer. The magnitude of the field was about 20 
Oe. The magnet was oriented such that most of the field was 
perpendicular to the sensitive axis, but rotated just enough so 
that the interlayer coupling was canceled by the easy axis 
component. One can see that the region near zero field has a 
very steep slope (3%/Oe) with minimal hysteresis. It is be- 
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FIG. 3. Magnetoresistive data from a pinned SDT device. The absolute 
voltage in the parallel state is about 60 mV.'JMR is defined as A V/Vmin and 
expressed as a percentage. The field is being applied parallel to the direction 
of the pinned layer's magnetization. 

lieved that this is the highest reported sensitivity for a mag- 
netoresistive sensor with no flux concentrators. 

III. SENSOR DESIGN 

This section will first develop a sensitivity calculation 
based on fundamental signal-to-noise considerations. In do- 
ing so it will be shown that, within the context of this work, 
hooking N SDT elements together to make a sensor increases 
the fundamental signal to noise ratio by yßf, whether the 
elements are in series or in parallel. Then, reasonable values 
will be plugged in to determine the required sensor configu- 
ration for a given SDT material. 

The noise voltage, Vn, for a single SDT element is taken 
as the Johnson noise for a resistor of equal value, R. It is 
assumed that each element will be operated at some fixed 
voltage, Ve. And each element has an intrinsic sensitivity, S, 
to an applied field with units of V/Oe. 

The Johnson noise is given by 

Vn=yJ4kTRAf V rms, (1) 

where k is the Boltzmann's constant, T is the absolute tem- 
perature in K, R is the resistance in ohms, and A/ is the 
noise bandwidth in Hz. Assuming a constant temperature 
and bandwidth, the noise of a single element may be written 
as 

V„=C4R, 

where 

C=yjUTAf. (2) 

The signal in a single element with sensitivity S, due to 
an applied field, H, is Ve = SH, so the signal-to-noise ratio 
for a single element is 

SH     SH 
S:N,=—=- 

Vn     C^R 

The noise of N elements in series is then 

(3) 
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Vn(N in series) = C^RN, 

while the noise of N elements in parallel is 

[R 

N' 
Vn(N in parallel) = C 

(4) 

(5) 

The signal of N elements in series is NS, while the sig- 
nal from N elements in parallel is still S. So the S: N ratios at 
a field H for TV elements in series and parallel are 

S:N 
NSH NSH      SH 

Nseries Vn(N in series)     Cy[k~N      C 

S:NK 

SH SH 

(6) 

(7) »N parallel     y^   ^  parallel) Q 

So the S:N ratio of N elements increases as -JN whether the 
elements are in series or in parallel. The S:N ratio of one 
element may be calculated using the following values in Eq. 
(3): 

5 = 0.02 V/Oe   (20%/Oe at 100 mV bias voltage), 

H— 1X 10~8 Oe( desired minimum detectable field, 

1 pT=10"8 Oe), 

A/=l  Hz, 

T=300 K, 

fc=1.38X10-23 J/K, 

C=1.29X10~10 V, 

R= 100 Ü, 

S-.N^IO'* Oe) = 0.155. (8) 

By using an array of 49 elements (7X7) the S:N ratio at 
10"8 Oe would increase by a factor of 7 to 1.05. To have a 
S:N ratio of 10:1, roughly 5000 elements would be required. 
While this is a lot of elements, the area they require is still 
small. We have made high sensitivity SDT material with a 
tunnel resistivity (pT) of 0.1 Mfl /im2. A 100 Ü device out 
of this material has an area of 1000 /mm2 (25X40 yum). An 
array of 5000 devices, then, requires 5 X 106 /xm2 or 5 mm2. 
Since each element is operating at 0.1 V with a resistance of 
100 Ci, each element consumes 0.1 mW for a total of 500 
mW for the array. 

We have designed and fabricated sensors using SDT el- 
ements in such an array. The sensor elements are arranged in 
a Wheatstone bridge configuration with each leg consisting 
of 16 elements in series for a total of 64 elements. The or- 
thogonal biasing mode is achieved with on-chip current 
straps. A second set of straps are included for the purpose of 
setting the pinning direction of the bridge elements prior to 
use. This setting coil is arranged so that the field from it is in 
opposite directions over opposite legs of the bridge. 

The pinning is set by warming the sample to just above 
the Neel temperature of the antiferromagnetic pinning layers 
and then cooling back to room temperature while passing 
current through the coil. 

IV. DISCUSSION AND CONCLUSION 

Looking at Eq. (3) it is clear that increasing the number 
of elements is not the only way to increase the fundamental 
signal-to-noise ratio. Decreasing the resistance per element 
will also have a square root dependence. This may be done 
by increasing the size of elements or by decreasing pT. The 
lowest value we have made is 0.1 Mfl fim2, though 
0.01 MO /xm2 SDT materials appear to be achievable. There 
is certainly a limit to how low this parameter can go. The 
0.1 Mfl fim2 material has a barrier of roughly 15 Ä, and 
every 2 Ä thinner corresponds to roughly a factor of 10 de- 
crease in pT. But as its thickness decreases, the barrier is 
harder to make with no pinholes and becomes more fragile. 
Another practical limitation is that contact resistance will 
degrade the percentage signal if it is on the same order as the 
element barrier resistance. 

Assuming a fixed voltage across each tunneling element, 
the power consumption increases linearly with both N and 
IIpT- SO signal-to-noise goes as \[P whether the signal is 
being increased through more elements or lower resistivity. 

While this work uses the thermal noise to calculate sig- 
nal to noise ratios, preliminary results indicate some excess 
noise above the thermal noise in SDT devices. It is current 
dependent and primarily 1 // in nature. It is not yet clear how 
the excess noise varies with device shape and size, and bar- 
rier thickness. Further results will be reported as they be- 
come available. 

SDT elements have been shown to have excellent pros- 
pects as transducers for low field magnetometers. The sensi- 
tivity and impedance are high enough to allow a multiple 
element array to be fabricated on a chip which would fit in a 
small standard integrated circuit package. This sensor would 
consume at most several hundred mW and much less if ex- 
pected material improvements are made. 
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Ferromagnetic tunnel junctions with plasma-oxidized Al barriers 
and their annealing effects 

M. Sato,a) H. Kikuchi, and K. Kobayashi 
Fujitsu Laboratories Ltd., 10-1 Morinosato-Wakamiya, Atsugi 243-0197, Japan 

Cross-geometrical Ni-Fe/Co/Al-AlO/Co/Ni-Fe/Fe-Mn/Ni-Fe tunnel junctions were fabricated by 
magnetron sputtering. To form the insulating layer, an Al layer was reverse sputtered in an 
atmosphere of either oxygen or oxygen-argon mixture at low power after deposition. The 
oxidization time necessary to form an AlO barrier was much shorter than that by natural oxidization, 
lasting for only a half to a few minutes. By adding argon to oxygen, the oxidization was slowed 
down and high MR ratios were obtained for a wide range of time. A magnetoresistance (MR) ratio 
of 16% was observed in the as-deposited junction when the barrier was oxidized in oxygen plasma 
for 35 s. In addition, the MR ratio increased to 24% by annealing at 300 °C. In as-deposited 
junctions, the tunnel resistances were increased by increasing the plasma oxidization time, but the 
MR ratios gradually decreased. The estimated tunnel barrier width increased and the barrier height 
decreased with the plasma oxidization time. After annealing, the MR ratio increased only for those 
junctions oxidized for short times. This suggests that the remaining Al between the AlO and the Co 
surface plays an important role in the effects of annealing. © 1998 American Institute of Physics. 
[S0021-8979(98)47411-5] 

I. INTRODUCTION 

The tunnel resistances of ferromagnetic tunnel junctions 
with the structure of two ferromagnetic layers separated by a 
thin insulating barrier are known to change according to the 
relative angle of the magnetizations within the two layers.1'2 

Such a junction could be applicable as a further generation 
magnetic read-head sensor, because theoretically, the magne- 
toresistance (MR) ratios of 20%-50% can be achieved with 
a low magnetic field. We fabricated ferromagnetic junctions 
with spin-valve-like MR properties and in which the tunnel 
barrier was naturally oxidized in Al for over 500 h.3 In ad- 
dition, the MR ratios have been found to increase up to 24% 
after annealing at 300 °C.4 However, it takes a longer time to 
form a good barrier with almost no pinholes by natural oxi- 
dization, which is also affected by humidity and temperature 
and not so clean. Plasma oxidization is considered to be 
promising for fabricating barriers speedily with greater con- 
trollability than natural oxidization.5 In this study, we inves- 
tigated the properties of ferromagnetic tunnel junctions hav- 
ing plasma-oxidized Al barriers and the effect of annealing 
upon them. 

II. EXPERIMENT 

Cross-geometrical spin-valve-like NiFe (171 Ä)/Co(33 
A)/Al-A10(13 Ä)/Co(33 Ä)/NiFe(171 Ä)/FeMn(450 Ä)/ 
NiFe(86 Ä) junctions were patterned by metal masks using 
magnetron sputtering on 4 in. Si wafers with 1 /jtm thermally 
oxidized surfaces. The bottom Ni-Fe/Co layer was the free 
layer, the center Al-AlO layer was the tunnel barrier layer, 
and the top Co/Ni-Fe layer was the pinned layer in which 
the magnetization was pinned to one direction by the ex- 
change field from the Fe-Mn antiferromagnetic layer. Thin 

"'Electronic mail: satoma@flab.fujitsu.co.jp 

Co layers having a larger polarization than the Ni-Fe layer 
were inserted to increase the MR changes. The top Ni-Fe 
layer was a cover layer to prevent oxidization. The argon 
pressure was 0.2 Pa and the incident power was about 
2-3W/cm2. 

The junction areas were 9X 10"4-9X 10~2 mm2. To 
change the metal masks, the surfaces of the lower Co and the 
oxidized Al were exposed to the air for a few minutes. To 
form the insulating layer, a 13 Ä Al layer was first deposited. 
Then, the process gas was introduced to the chamber at a 
pressure of 0.5 Pa, and samples were rf reverse sputtered for 
a few seconds to a few minutes at a power density of 0.01 
W/cm2. Oxygen or oxygen-argon mixtures were used for the 
process gas. Some of the samples were also annealed at a 
pressure of below 1 X 10"5 Torr at 200-350 °C for 1 h with 
an applied field of 1 kOe. Annealing and measurements were 
done repeatedly for each sample. The electrical properties 
were measured at room temperature by the four-probe 
method while applying a field of ±100 Oe in the same di- 
rection as the magnetization of the pinned layer. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the dependence of tunnel resistivity on 
the plasma oxidization time. The process gas used was pure 
oxygen. The tunnel resistances increased rapidly with an in- 
crease of plasma oxidization time. This indicates that as oxi- 
dization progresses with time, the barrier gets thicker. 
Though a few hundreds of hours were necessary to achieve a 
tunnel resistivity of 10 (1 mm2 in our previous work,4 only 
about 1 min is necessary to achieve the same value. 

Figure 2 shows the dependence of the barrier width and 
height on the plasma oxidization time. The barrier width and 
height were estimated by fitting the nonlinear voltage- 
current characteristics to the Simmons' equation.6 The fitting 
was done over the voltage range of below about 200 mV in 
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FIG. 1. Dependence of tunnel resistivity on plasma oxidization time. The 
thickness of the Al layer was fixed at 13 A and the processed gas was pure 
oxygen. 
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FIG. 3. Dependence of MR ratio on oxygen plasma oxidization time. Open 
circles show the as-deposited values and the closed triangles show the val- 
ues after annealing at 300 °C for 1 h. 

the magnetic field of 150 Oe, which value is enough to align 
the magnetizations. Though the fitted values have a little 
spread, there are tendencies for the barrier widths to increase 
and for the barrier heights to decrease with the oxidization 
time. For the junctions with the barrier oxidized for 120 s, 
the barrier width is much thicker than the deposited Al thick- 
ness. Though the Al layer is thickened by oxidizing, the 
surface of the Co layer is probably oxidized in such samples. 

MR changes were observed in almost all samples. Figure 
3 shows the dependence of the MR ratio on the plasma oxi- 
dization time. The MR ratios gradually decreased when in- 
creasing oxidization time. The maximum MR ratio for an 
as-deposited junction was 16% achieved by plasma oxidizing 
for 35 s, which is a much shorter time than that required by 
natural oxidization. We believe that the barriers with almost 
no pinholes are formed by plasma oxidization. 

Figure 4 shows the dependence of the MR ratios for 
different oxidization times on the annealing temperature. The 
values of the same samples, which were repeatedly annealed, 
are expressed in the same symbols connected by lines. In 
samples in which the barrier was oxidized for 35 s in pure 
oxygen plasma, the MR ratio increased by annealing at 
300 °C. But, in the samples having barriers oxidized for 45 s, 
the MR ratio increased at 250 °C. In the samples having 

20      40      60      80     100    120    140 
Oxidization time (sec.) 

FIG. 2. Evaluated barrier width and height as related to plasma oxidization 
time in oxygen. Fittings for I-V curves in magnetic field according to Sim- 
mons' equation. 

barriers oxidized for over 60 s, the as-deposited MR ratios 
vanished by annealing at only 200 °C. In Fig. 4(a) there is a 
dip at 250 °C. The reason for this dip is still not clear, but it 
can be seen in some samples. The MR ratios after being 

50   100 150 200 250 300 350 
Annealing temperature (°C ) 

FIG. 4. Dependence of MR ratios for different oxidization times in oxygen 
plasma on annealing temperature. The values of the same samples which 
were repeatedly annealed are expressed in the same symbols connected by 
lines. 
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FIG. 5. Dependence of tunnel resistivity on the ratio of oxygen to argon. 
The plasma oxidization time was fixed at 90 s. 
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FIG. 7. MR curve of the NiFe(171 Ä)/Co(33 Ä)/Al-A10(13 Ä)/Co(33 A)/ 
NiFe(171 Ä)/FeMn(450 Ä)/NiFe(86 A) junction after annealing at 300 °C 
for 1 h. The Al-AlO barrier layer was oxidized in oxygen plasma for 35 s. 

annealed at 300 °C for 1 h are also shown in Fig. 3. The MR 
ratios of the junctions with oxidization times of under 60 s 
increase and those with oxidization times of over 60 s de- 
crease by annealing. 

This is assumed to occur due to the following mecha- 
nism. In samples with oxidization times of under 60 s, the Al 
layer is gradually oxidized from the surface, and the bottom 
of the layer still remains ufioxidized. In these samples, oxy- 
gen atoms at the Co surface move into the Al layer by an- 
nealing, and the polarization of electrons at the interface of 
Co and Al increases. In long oxidization times of over 60 s, 
however, the whole Al layer and the inside of the Co layer 
become oxidized. In these samples, the oxygen atoms at the 
Co surface move into the Co layer and reduce the polariza- 
tion of electrons in the Co layer, therefore, disturbing the 
spin-preserved tunneling. 

Figure 5 shows the dependence of tunnel resistivity on 
the ratio of oxygen to argon. The plasma oxidization time 
was fixed at 90 s. The tunnel resistivity rapidly decreases by 
adding a little argon to the oxygen. Figure 6 shows the de- 
pendence of the MR ratios of the junctions after being an- 
nealed at 300 °C for 1 h on the plasma oxidization time. The 
process gases for oxidization are pure oxygen and an 
oxygen-argon mixture at a ratio of 1:5. Pure oxygen plasma 

100 1000 
Plasma oxidization time (sec.) 

FIG. 6. Dependence of MR ratios of junctions after being annealed at 
300 °C for 1 h. The processed gases for oxidization are pure oxygen and an 
oxygen-argon mixture at a ratio of 1:5. 

oxidizes the Al layer so fast that the MR ratios decrease 
rapidly with time and it is a little hard to control. On the 
other hand, for the samples oxidized in the oxygen-argon 
mixture plasma, the oxidization was slowed down and 
high MR ratios were obtained for a wide range of time under 
1000 s. 

Figure 7 shows the MR curve of the junction after being 
annealed at 300 °C for 1 h and in which the barrier layer was 
oxidized for 35 s in oxygen plasma. The spin-valve-like MR 
property is clearly observed, in which the MR ratio is 24%, 
and its properties are almost the same as those of junctions 
with a naturally prolonged oxidization of the Al barrier after 
annealing at 300 °C.4 

Though we expected to obtain junctions which have con- 
stant high MR ratios with better reproducibility by oxidizing 
in a closed chamber, the present data still have large spreads 
of resistances and MR ratios. These are thought to be caused 
by the exposure to air when the mask was changed or by the 
roughness of the bottom layer. 

IV. CONCLUSION 

We fabricated ferromagnetic tunnel junctions with barri- 
ers formed by plasma oxidization. MR ratios of 16% were 
observed in the as-deposited junctions with barriers oxidized 
in oxygen plasma for 35 s, which is a much shorter time than 
that needed in natural oxidization. In these samples, further- 
more, the MR ratio increased to 24% by annealing at 300 °C. 
In the as-deposited junctions, tunnel resistances increased by 
increasing the plasma oxidization time, but the MR ratios 
gradually decreased. By adding argon to oxygen, the oxi- 
dization is slowed down and high MR ratios are obtained for 
a wide range of time. After annealing, the MR ratio increased 
only for junctions oxidized for a short time. This suggests 
that the remaining Al between the AlO and the Co surface 
plays an important role in the effects of annealing. 
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Tunneling magnetoresistance and current distribution effect 
in spin-dependent tunnel junctions 

J. J. Sun,a) R. C. Sousa, T. T. P. Galväo,b) V. Soares, T. S. Plaskett, and P. P. Freitasb) 

INESC, Rua Alves Redol 9-1, 1000 Lisbon, Portugal 

In this paper, spin-dependent tunnel junctions fabricated by shadow mask (junction area 0.25 mm2) 
and by lithography (junction area down to 9 X 2 /xm2) were studied. The junctions have NiFe and 
CoFe electrodes and the insulating barrier A1203 is formed by depositing a 10-30 A thick Al layer, 
followed by a 1-3 min plasma oxidation in an 02 atmosphere. The mm2-size junctions show 
tunneling magnetoresistances (TMR) of 10%-13.5% at room temperature (RT), with 50% decrease 
in TMR for a bias voltage of 220 mV. The junction resistances range from hundreds of Ü to tens 
of kfi. The analysis of current distribution indicates that no geometrically enhanced 
magnetoresistance occurs in the cross-shaped mm2-size junctions when the measured junction 
resistance is five times larger than the electrode resistance over junction area. The /xm2-size 
junctions show TMR of 17%-24% at RT, independent of the junction area, and have a resistance 
between 90 kfl and 1 Mil for the 9 X 2 /un2 size (resistance-area products of ~3 MflXyum2). The 
fim2-size junctions show 50% decrease in TMR for a bias voltage of 430 mV, and high sensitivity 
(>20%/Oe).   © 1998 American Institute of Physics. [S0021-8979(98)37111-X] 

I. INTRODUCTION 

Large tunneling magnetoresistances (TMR) have been 
recently observed at room temperature (RT) in magnetic tun- 
nel junctions.1-4 The TMR signal and junction resistance de- 
pend mainly on the insulating layer quality (pinholes and 
defects), bottom electrode roughness, and single domain 
state for the ferromagnetic electrodes with high polarization. 
Junctions with large room temperature TMR use A1203 as 
insulating barrier, which is prepared by deposition of a thin 
Al layer followed by oxidation1"4 (plasma or natural oxida- 
tion). Insulating layers, like MgO, Hf02, and A1N, prepared 
by sputtering or reactive sputtering,5'6 normally lead to low 
or no TMR at RT, due to incorporation of defects in the 
barrier, and resulting in a strong temperature dependence of 
TMR. A1N barriers prepared by reacting an Al layer have 
been reported,7 but junction resistance is too low (a few hun- 
dred mü). In this case, the junction resistance is comparable 
to the electrode resistance over junction area, the current 
flows nonuniformly through the insulating layer, leading to 
an enhancement of the magnetoresistance (MR) effect.7 For 
memory or head applications, TMR device resistance should 
not exceed a few kft. In this paper, junctions fabricated by 
shadow masks and by lithography are studied, where either 
the bottom or top electrode is pinned to ensure single domain 
state for one of the electrodes. The ^m-size junctions show a 
TMR of 24% at RT, with the lowest resistance of 90 kü, in a 
9X2 yum2 size junction. The current distribution in low re- 
sistance junctions is analyzed with a finite element program 
to distinguish true TMR from the geometrically enhanced 
effect. 

"'Electronic mail: jjsun@pseudo.inesc.pt 
b)Also at 1ST, Av. Rovisco Pais, 1096 Lisbon, Portugal. 

II. EXPERIMENTAL METHOD 

Two types of junction structures were studied, where 
either the bottom or top ferromagnetic electrode is pinned by 
a TbCo ferromagnetic exchange layer. Junctions have the 
following structure Ta(80 Ä)/NiFe(100 Ä)/CoFe(20 Ä)/ 
Al2O3/CoFe(50 Ä)/TbCo(150 Ä)/Ta(80 Ä) with pinned top 
electrode, and the ones with pinned bottom electrode Ta(80 
Ä)/Cu(40-200 Ä)/Ta(80 Ä)/NiFe(60 Ä)/TbCo(120 Ä)/ 
NiFe(60 Ä)/CoFe(20 Ä)/Al2O3/CoFe(6-20 Ä)/NiFe(120 Ä). 
The magnetic layers were deposited in a Nordiko 2000 high 
vacuum magnetron sputtering system with a base pressure of 
5X10-8 Torr. An aligning field of 20 Oe was applied to 
induce parallel easy axis in each electrode. The A1203 barrier 
was formed in a different setup, depositing a thin Al layer 
(10-30 Ä, dc magnetron sputtering, 3 mTorr, 0.25 W/cm2) 
followed by a 1-3 min plasma oxidation (P0 =5 mTorr, 
4-8 mWrf/cm2). For mm2-size junctions, both electrodes 
were deposited using a shadow mask, originating nine junc- 
tions each with an area of 0.25 mm2. For fim2-size junctions, 
the full junction structure is deposited on a blank glass sub- 
strate, and subsequently a self-aligned microfabrication pro- 
cess is used to achieve junction areas down to a few yum2. In 
this process, bottom electrode dimensions are 250X20 yum2 

or 250 X 125 /tm2, and different top electrode dimensions, 
consequently different junction areas down to a few /wn2, 
are defined on the same mask. 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows the room temperature MR curve for 
mm2-size CoFe/A1203/CoFe junction where the top elec- 
trode is pinned, with a TMR signal of 13.5%, and 3.17 kO 
junction resistance. The inset shows the minor loop, where 
only the free bottom electrode is reversing its magnetization. 
The junction shows 7.5 Oe coercivity (Hc) for the free bot- 
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FIG. 1. Room temperature MR curves of CoFe/Al203 /CoFe 0.25 mm2 junc- 
tions with pinned top electrode (a) and pinned bottom electrode (b). The 
insets show a minor loop and the relationship of Hc and H{ with the thick- 
ness of Al layer. 

Ta/Cu/Ta/NiFe/TbCo/NiFe/CoFe/Al O /CoFe/NiFe 
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o.ior 
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FIG. 2. MR fall-off curves for a pinned bottom electrode CoFe/Al203 /CoFe 
0.25 mm2 junction (a), and a NiFe/Al203/CoFe 0.25 mm2 junction (b). The 
I-V curves are represented in the insets. 

torn layer and a 2.5 Oe coupling field (Hf). The field was 
always applied parallel to the easy axis of electrodes. 

Figure 1(b) shows equivalent data for the mm2-size junc- 
tion with pinned bottom electrode and 11.3% TMR signal, 
where only the minor loop is measured in this field range. 
The inset highlights the relationship between Hf and Hc of 
the free top electrode, and the thickness of the Al layer. As 
the Al thickness is increased from 12 to 30 Ä, Hc decreases 
from 17 to 12 Oe and Hf is reduced from 8 to 3 Oe. These 
values are always larger than the equivalent values for junc- 
tions with pinned top electrode [in Fig. 1(a)]. The Hf value is 
probably related to the Neel ' 'orange-peel'' coupling due to 
the correlated interface roughness. 

The TMR decrease with increasing bias voltage is shown 
in Fig. 2(a) for a junction with CoFe electrodes as described 
previously and in Fig. 2(b) for a junction with different elec- 
trodes (NiFe, CoFe). At very low bias voltage the TMR is 
constant or just decreases slightly, decreasing rapidly with 
higher bias. The TMR is reduced to half its initial value at 
about 220 mV. This strong decrease of TMR with bias volt- 
age may indicate that the junction is not perfect. This de- 
crease may arise from the reduction of the barrier height with 
increasing bias, resulting in a decrease in spin polarization of 
the tunneling current, as discussed by Slonczewski.8 Looking 
carefully at the distinct MR fall-off curves, the curves in Fig. 
2(a) are symmetric when the bias voltage is applied in dif- 
ferent directions (i.e., from top to bottom or from bottom to 
top). However, the MR fall-off curves in Fig. 2(b) are asym- 
metric. According to the Simmons model,9 the potential bar- 
rier should be asymmetric for NiFe/Al203 /CoFe junctions 
due to the different work functions of NiFe and CoFe as 
indicated by the asymmetric /- V curves in the inset of Fig. 
2(b), thereby resulting in asymmetric fall-off curves. The ef- 
fective barrier height (<&) and effective thickness (reff) were 
obtained, respectively, 1.4 eV and 18 Ä (deposited Al thick- 
ness tA1= 20 A, oxidation time 2 min) for this junction from 

fitting I-V curves to Simmons model. In the case of the 
CoFe/Al203/CoFe junctions with pinned bottom electrode, 
the potential barrier should be symmetric, which is con- 
firmed by the symmetric /- V curves in the inset of Fig. 2(a) 
(0= 1.3 eV, teit=22 Ä, fA1=25 Ä, oxidation time 2.5 min), 
leading to symmetric fall-off curves. This indicates that the 
bias dependence of TMR may be related to the tunnel barrier 
characteristics. This bias dependence of TMR could also be 
due to the spin excitations localized at the interface between 
the magnetic electrodes and the tunnel barrier.10 

The dependence of TMR on junction resistance is now 
addressed. Junction resistances ranging from hundreds of 
mO to tens of kfl can be produced varying Al thickness and 
plasma oxidation conditions. When the plasma oxidation of 
the Al layer is carried out for a short time, the junctions have 
relatively small resistance or negative resistance, leading to 
MR values up to 80%. This is a consequence of the geo- 
metrical enhancement of the MR effect.7 An existing 
program11 was adapted to analyze the current distribution in 
these junctions. The model consists of two electrode planes 
connected by 26X26 equal valued resistors. The simulated 
MR curves for our cross shaped 0.25 mm2 junctions are plot- 
ted in Fig. 3. Resistivities of 20.8 and 26 fiTL cm were used 
for the CoFe and NiFe layers, and theoretical TMR values of 
10% and 20% are used to compare with experimental results. 
It can be seen that in our junction structures the geometrical 
enhancement effect occurs when the measured resistance in 
the cross, RM, is smaller than 200 Ü. This value is about six 
times the electrode resistance over the junction area (in-plane 
resistance). For a value of 500 mÜ, this effect causes a mea- 
sured MR of 100%, while the TMR is only 10%. In the 
experimental data also shown in this figure, it is observed 
that the measured MR of 10%—13.5% for RM values ranging 
from hundreds of Cl to tens of kCl is true TMR. The inset 
shows the measured junction resistance RM versus real junc- 
tion resistance, Rj, as simulated from our model. It can be 
seen that, RM is equal to Rj when #7>200 O, smaller than 
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FIG. 3. Simulated MR and experimental MR data as a function of the 
measured resistance RM. The inset shows the values of RM vs junction 
resistance Rj resulting from the simulation. Junction area is 0.25 mm2. 

Rj when Rj<200Cl, and changes its sign when Rj is 
smaller than a few Ü, due to the inhomogeneous current flow 
through the insulating layer. 

Figure 4(a) shows the MR curve for a CoFe/Al203 /CoFe 
junction (12X2/um2) with pinned top electrode fabricated 
by lithography. The TMR signal is 23.1% at RT, with a 
junction resistance of 551 kü. Compared with Fig. 2, an 
improved bias dependence of TMR is shown in the inset, 
where TMR drops 50% at 430 mV. These small area junc- 
tions have less defects, higher effective barrier height (2.6 
eV), and smaller effective thickness (13 Ä) (fA1= 15 Ä, oxi- 
dation time 2 min). Figure 4(b) shows the MR curve of a 
CoFe/A1203/CoFe junction (12X2yum2) with pinned bot- 
tom electrode, with 18.2% TMR signal at RT and 131 kü 
resistance. In both cases the easy axis is parallel to the longer 
dimension of the top electrode and the field is applied paral- 
lel to the easy axis. 

0      200    400    600 
V(mV) 

MR=23.1%, R-551kT! 
---r.,. ■ 1 .-^_ 

MR=18.2 % 

R-131 kf! 

-100 -50 0 
H(Oe) 

50 100 

FIG. 4. Room temperature MR curves of 12X2 fim2 CoFe/Al203/CoFe 
junctions with pinned top electrode (a), and pinned bottom electrode (b). 
The inset shows the bias voltage dependence of TMR for junction (a). 
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FIG. 5. MR and junction resistance Ru vs junction area for junctions with 
pinned top and pinned bottom electrode fabricated by lithography. 

The dependence of the TMR signal and junction resis- 
tance R^ (parallel state) on the junction area is shown in 
Fig. 5. Most junctions with sizes from 100X100 to 9 
X2 fim1 have about 17%-24% TMR at RT with resistances 
from 600 fl to 1 MCl (resistance-area products a 
~3 MflXyLtm2). The lowest resistance for the smallest junc- 
tion area (9X2 fim2) is 90 kü. 

It is worth mentioning that the free top electrode nor- 
mally has larger coercivity than the free bottom electrode, 
and then the MR curves for the latter show sharper switching 
behavior for both mm2 and /xm2 size junctions (>20%/Oe 
for small junctions) as shown in Figs. 1 and 4. 

In conclusion, magnetic tunnel junctions with mm2 and 
jum2 sizes were fabricated. The mm2-size junctions show 
10%—13.5% TMR at RT. The [im2-size junctions show 
17%-24% TMR at RT, independent of the junction area, and 
weaker TMR dependence on bias voltage, where TMR drops 
50% at 430 mV. 
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High conductance magnetoresistive tunnel junctions 
with multiply oxidized barrier 

P. K. Wong, J. E. Evetts, and M. G. Blamire 
Department of Materials Science, University of Cambridge, Pembroke Street, 
Cambridge CB2 3QZ, United Kingdom 

We have fabricated 8X8 /xm2 mesa junctions from ultrahigh vacuum magnetron sputter-deposited 
Nb/Fe/Al203/Al/CoFe/Nb heterostructures. The A1203 barrier was prepared by the technique of 
multiple oxidation. The effect of multiple oxidation on the junction magnetoresistance (JMR) was 
investigated. JMR up to 6.2% at room temperature and 9.2% at 77 K was obtained. Junctions with 
the highest JMR have resistance-area products in the range required for device applications. 
© 1998 American Institute of Physics. [S0021-8979(98)52711 -9] 

I. INTRODUCTION 

Magnetoresistance in ferromagnetic tunnel junctions 
(MTJs), which essentially consist of an insulating tunnel bar- 
rier sandwiched between two ferromagnetic electrodes, was 
first observed in Fe-Ge-Fe heterostructures by Julliere,1 

who explained the magnetic field dependent tunneling con- 
ductance by a simple model relating the tunneling probabil- 
ity to the relative orientation of the magnetizations of the 
ferromagnetic electrodes. In Julliere's model, the junction 
magnetoresistance (JMR) at zero bias can be calculated from 
the electron spin polarizations of the ferromagnetic elec- 
trodes. In general, the JMR of junctions having ferromag- 
netic metals and/or their alloys as electrodes is predicted to 
have a magnitude of a few tens of percent. JMR here is 
defined as the maximum percentage change in junction resis- 
tance with respect to the resistance in high magnetic field. 
Such magnitude of JMR, together with a relatively low 
switching field between high and low junction resistance, 
make MTJ potentially applicable in sensor devices and espe- 
cially in magnetic read heads. 

Studies on MTJ have been focused on the fabrication of 
junctions having high JMR. Since JMR can be reduced by 
the presence of leakage current, a high quality barrier is of 
paramount importance. Various methods of barrier fabrica- 
tion have been reported. Table I summarizes various barrier 
preparation methods, the corresponding resistance-area (RA) 
products, and the JMR of the resulting MTJ.2"7 Until re- 
cently, JMR values comparable to the predictions of Jul- 

liere's model have not been observed. However Moodera 
et al. have obtained a magnetoresistance of 11.8% at room 
temperature and 24% at 4.2 K with CoFe/Al203/Co cross- 
strip junctions. JMR of 25% at room temperature has been 
reported recently by Parkin et al.1 in MTJ having an A1203 

barrier prepared by plasma oxidation of sputter-deposited Al 
at room temperature. Although a high JMR comparable to 
the theoretical value was achieved, the RA products of the 
junctions were too high for device applications. It is gener- 
ally easier to obtain high JMR with junctions having low 
leakage, i.e., high resistance. A RA product of 103 Q, /mm2 is 
required for device applications.8 In this article, we report a 
study of Fe/Al203/CoFe tunnel junctions with the barrier 
prepared by multiple oxidation technique. The junctions 
have RA products in the range suitable for device applica- 
tions. 

II. FABRICATION 

A. Deposition of the Nb/Fe/AI203-AI/CoFe/Nb 
heterostructure 

The Nb/Fe/Al203-Al/CoFe/Nb multilayer was deposited 
by ultrahigh vacuum dc magnetron sputtering in a liquid N2 

cooled chamber. The Nb layers which will be superconduct- 
ing at liquid He temperature served as wiring for the accurate 
measurement of RA product. In the preparation of the A1203 

barrier, an *» 1 nm Al layer was first deposited and partially 
oxidized in 1 kPa of 02 for 10 min; then extra layers of about 

TABLE I. Summary of the barrier preparation methods, the corresponding RA products, and the JMR values in 
reported work. 

RA product JMR (Temp) 
Barrier Preparation method (ft fim2) (%) Ref. 

GdO^ Oxidation in atmosphere 5X108 5.6(4.2 K) 2 
GdO, Oxidation in 10~3 Pa during Gd deposition 1.3X109 7.7(4.2 K) 2 
A1203 Oxidation in atmosphere for 30 h 3.1 X106 2.7(300 K) 3 
A1203 Oxidation in atmosphere for 24 h 6.4X103 18(300 K) 4 

Al203/MgO Al/Mg sputter deposited in 2%-10% 02 in Ar 1.2X108 0.2(300 K) 5 
A1203 Oxidation with an 02 glow discharge 106-108 11.8(300 K) 6 
A1203 Plasma oxidation of Al layer 2X107 25(295 K) 7 
A1203 Multiple oxidation technique 9.6X 102 6.2(300 K) This work 
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FIG. 1. Schematic cross section of a 8X8 fim1 mesa junction fabricated 
from a Nb/Fe/Al203-Al/CoFeNb heterostructure. 
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FIG. 2. Hysteretic MR vs H curves of the three types of samples. Peak JMR 
increases with the number of extra Al layers N, N=0, 1, and 3. 

0.1 nm Al were deposited on top and each layer was oxi- 
dized in 1 kPa of 02 for 10 min before the deposition of 
others. After the deposition of the last Al layer, the barrier 
was oxidized in 1 kPa 02 for 1 h. Three types of barriers, 
with one, three, and no extra Al layers, have been studied. A 
further layer of Al was deposited onto the barrier to protect it 
from resputtering during counter electrode deposition. A 
similar method has been used in superconducting tunneling 
device fabrication for producing a lower leakage tunnel 
barrier.9 

B. Fabrication of the MTJ 

In the junction fabrication process, the base circuitry in- 
cluding the bottom electrodes was first patterned for the en- 
tire heterostructure by standard photolithography and Ar/2% 
02 ion milling at 500 V and 0.36mA/cm2. Mesas, 8 
X 8 /mm2, which defined the junction areas, were then CF4 

plasma etched into the top Nb layer using a photoresist mask, 
followed by ion milling the CoFe layer down to the barrier. 
To isolate the junction, a smaller photoresist mask was de- 
fined at the center of each of the mesas, followed by if mag- 
netron sputter deposition of 350 nm silica. Silica deposited 
onto the smaller mesa mask was later removed by dissolving 
the photoresist in an acetone bath, i.e., the "lift-off" process, 
leaving a small window in the silica layer to access the top 
Nb. Nb wiring 450 nm thick, was finally deposited by the 
lift-off process to connect the top electrode to the rest of the 
circuit. Figure 1 shows the cross section of a finished mesa 
junction. 

III. MEASUREMENT 

Magnetoresistance of the junctions was measured by a 
four-point probe inserted between a Helmholtz pair with a 
LN2 insert, so that measurement can be made down to 77 K. 
Figure 2 shows plots of JMR against applied field for the 
three types of barrier. In all the three cases, the hysteretic 
JMR peaks occurred at about 9 mT, i.e., 90 Oe, while co- 
esivity of CoFe and Fe are found to be 78 Oe and 160 Oe, 
respectively, indicating antiferromagnetic coupling of the 
electrodes at the peak field. The highest measured JMR of 

junctions at room temperature with zero, one, and three extra 
Al layers were 1.4%, 2.3%, and 6.2%, respectively, with 
junction resistance of 3.5, 5.6, and 15 fl measured at 4.2 K. 
This progressive increase in JMR and resistance with the 
number of extra Al layers is in agreement with a simple 
model in which each extra Al layer (which is much less than 
a monolayer) sealed a certain fraction of pinholes in the ox- 
ide barrier which are the main source of leakage current. As 
derived in Ref. 10, the observed JMR in a MTJ, mobs is 
related to the junction conductance by 

m0G 
'obs" (Gp + GtY (1) 

where m0 is the maximum possible JMR of a leakage-free 
junction. Gp is the conductance of the leakage-free junction 
at the hysteretic peak field, and Gt is the leakage conduc- 
tance due to the presence of pinholes which is considered to 
be independent of applied field. We assume that Gx is di- 
rectly proportional to the total area of the pinholes. If each 
extra Al layer can seal a fraction a of total pinhole area in the 
lower layer, then for N extra Al layers, 

Gl(N) = Gl(0)(l-af. (2) 

Here G;(0) is the leakage conductance when there is no 
extra Al layer, i.e., when N=0. Substituting Eq. (2) into Eq. 
(1), a relation between the observed JMR, mobs, and the 
number of extra Al layers, N, is obtained, 

mobs~ 

lÄi-V 
(3a) 

WhenG/(0)(l-a)%>Gp, 

m0G mr,G„ 
m obs G,(0)(l-a)N    G,(0) 

exp NXln 
\-a 

(3b) 

In Fig. 3, we present a semilogarithmic plot of mobs (%) 
against N, as well as a plot of resistance of junctions show- 
ing highest JMR against N. The distribution of JMR for 
junctions with the same number of Al layers in their barriers 
is probably due to defects caused during the junction fabri- 
cation process. The data points with highest JMR, corre- 
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FIG. 3. Observed peak JMR at room temperature, mobs (circles), and the 
resistance of junctions having highest peak JMR (squares) plotted against 
the number of extra Al layers N. A straight line is fitted for the samples 
showing highest JMR for each N, implying having best quality. The dashed 
line is the fitting for average JMR values. 

sponding to junctions with the best quality, i.e., least defeat, 
lie well on a straight line of 1.400 exp(0.496A0. The linear- 
ity of the points indicates that a«0.39 and G/(0)/G/)>l 
when Af=£3. In other words, each extra Al layer can seal 
about 39% of the total pinhole area in the lower layer. Tak- 
ing the average data (dashed line in Fig. 3) also gives the 
same result for a. From the interception of Fig. 3, we de- 
duced that m0Gp/Gl(0) = 1.400. To estimate the value of 
m0, the dependence of JMR on temperature must be consid- 
ered. The theoretical JMR predicted by Julliere's model is 
42% for a Fe-insulator-CoFe junction, which does not take 
into account the temperature dependence of JMR. With the 
temperature dependence factor 2.03 from Ref. 6, defined as 
the ratio between JMR at 4.2 K and at room temperature, ra0 

can estimated to be equal to 42%/2.03, i.e., 20.7%. The JMR 
at 77 K in our junctions showing 6.2% magnetoresistance at 
room temperature (N=3) was found to be 9.2%, i.e., 1.5 
times the value at room temperature. This ratio is similar to 
the temperature dependence factor between 77 K and room 
temperature reported in Ref. 6. Thus it is reasonable to as- 

sume a value for m0, 20.7%, which allows us to estimate 
Gp/G,(0) as 0.068. Thus G;(0)/Gp>l which is consistent 
with our assumption in the beginning of the analysis. 

IV. CONCLUSIONS 

We have fabricated and studied Fe/Al203/CoFe MTJ 
with barriers formed by a multiple oxidation technique. JMR 
up to 6.2% at room temperature and 9.2% at 77 K was ob- 
tained and the RA product is 9.6 X 102 O, /xm2, suitable for 
device applications. We have demonstrated an analysis 
which relates the increase in JMR with the number of extra 
Al layers. The model agrees well with our data. It is demon- 
strated that the multiple oxidation barrier preparation tech- 
nique gives more control to the conductance and magnetore- 
sistance of the MTJ which is important in applications. In 
particular, it allows the minimization of the unoxidized Al 
base layer thickness which is likely to suppress the JMR 
achievable.11 
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In order to meet the requirements for applications in magnetoelectronics (e.g., read heads and 
magnetic random access memory), a processing scheme for micron-scale ferromagnetic tunnel 
junctions has been developed. A comparative study of junctions defined by shadow evaporation and 
by lithographic processing was made, where a similar resistance-area product of nearly 1 GÜ, fim 
and a high tunnel magnetoresistance of up to 15% at room temperature were observed for 
Co/Al203/Ni80Fe2o junctions patterned by both methods. A bipolar sensor characteristic at zero field 
was realized by inducing anisotropies in the two ferromagnetic layers that are orthogonal to each 
other.   © 1998 American Institute of Physics. [S0021-8979(98)50111-9] 

INTRODUCTION 

Spin-dependent tunneling between ferromagnetic mate- 
rials has recently been generating much interest. A planar 
tunnel junction consists of two ferromagnetic layers sepa- 
rated by a thin insulating spacer layer. Changes in the rela- 
tive orientation of the magnetization of the ferromagnetic 
films causes a resistance variation which is due to the change 
in the tunneling probability between the ferromagnetic elec- 
trodes. These magnetoresistance values can be considerably 
higher than for state-of-the-art spin valve structures. 

Initially barrier properties and deposition conditions 
were studied using structures defined by shadow 
evaporation.1'2 This is unsuitable for integration and further 
miniaturization. Furthermore, as a vertical structure, micro- 
structured tunnel junctions have a high potential in applica- 
tions based on a high areal density, e.g., in high density 
nonvolatile solid-state magnetic memories. 

To date there have been few reports on micron-scale 
tunnel junctions4"6 although size and geometrical effects 
combined with intrinsic magnetic properties will strongly af- 
fect the performance of tunnel devices. Uniformity over a 
larger area is another key issue for further device applica- 
tions. In this article tunnel junctions were patterned using a 
photolithographic process. The main properties will be com- 
pared with those of shadow evaporated junctions. 

"'Electronic mail: boeve@imec.be 

MULTILAYER FILM PREPARATION 

The preparation of the multilayer film used in the micro- 
fabrication process has been performed by evaporation at 
liquid nitrogen temperatures,1 without breaking the vacuum. 
On a pre-cooled glass substrate an adhesion layer of 1 nm Si 
was deposited. A 10 nm Co film was then deposited which 
later serves as the bottom electrode. During the growth of 
this layer a magnetic field of a few kA/m was applied to 
induce uniaxial magnetocrystalline anisotropy. On top of the 
bottom electrode an Al film was deposited; this film varied in 
thickness between 1.0 and 1.4 nm. The substrate was then 
heated to room temperature. The barrier was formed by oxi- 
dizing the Al in an oxygen dc glow discharge for 100 s at a 
pressure of 70 mTorr.7 A 17 nm thick Ni8OFe20 top electrode 
was deposited next. Also during the growth of this layer a 
magnetic field was applied to induce uniaxial magnetocrys- 
talline anisotropy, in this case oriented perpendicular to that 
applied during growth of the bottom layer. Finally, the 
multilayer was covered by a 4 nm protective Al layer. 

MICROFABRICATION PROCESS 

The multilayer films were patterned using a four-mask 
lithographic process, as schematically illustrated in Fig. 1. 

First the bottom electrode geometry was defined by Xe 
ion milling leaving isolated mesas containing the full 
multilayer stack on the glass substrate [Fig. 1(a)]. During a 
second ion milling step the active junction area was further 
defined by etching into the parts of the mesa that were not 
covered by resist [Fig. 1(b)]. The resulting junctions have a 
square geometry, ranging from 64X64 down to 2X2 yam2. 

0021 -8979/98/83(11 )/6700/3/$15.00 6700 © 1998 American Institute of Physics 
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FIG. 1. Schematic of the cross section of the multilayer during microfabri- 
cation showing the different steps in the process. 

The ion milling was timed to stop under the A1203 barrier. 
Nevertheless, some depth nonuniformity over bigger areas 
seems unavoidable and this can drastically increase the series 
resistance of the bottom electrode. The junctions were then 
passivated with 75 nm of Si3N4 followed by another litho- 
graphic step and opening of the contact holes in the nitride 
using a CF4 rf plasma [Figs. 1(c) and 1(d)]. The final step 
consists of the deposition of a 15 nm TiW/155 nm Au met- 
allization [Fig. 1(e)]. 

During the Si3N4 deposition the substrate temperature 
was raised to 250 °C, which does not allow the use of a 
self-aligned process, which would save one mask level and is 
better suited to reach the smallest dimensions. 

An optical microscope image of the completed devices is 
shown in Figs. 2(a) and 2(b). Also visible are the well- 
defined top and bottom contacting schemes. In the middle of 
the bottom electrode two contacts are patterned in order to 
measure the resistance of the bottom electrode and the 
double top contacts for the bigger structures [Fig. 2(b) shows 
a 16X16 yum2 junction) are used to control the nitride open- 
ing. 

RESULTS AND DISCUSSION 

The series resistances of the contacts were estimated by 
measuring the junctions with different contacting schemes. 
The resistance of the bottom electrode is around 100 fl, 
while the resistance of the top electrode connection depends 
on the cross section of the via between the contact pad and 
the top electrode, and is generally much lower. 

In order to investigate whether the processing scheme 
described above influences the barrier properties, /(V) char- 

mJjf"      ^#^      *LiiÄi 

a) 

JL        JL 

b) 

FIG. 2. (a) Layout of the final tunnel devices. Along the sides of the main 
mesa, several junctions are defined, ranging from 64X64 down to 2 
X 2 yum2 for the smallest junctions. The contacts for the bottom electrode 
are situated in the middle of the mesa, (b) A junction of 16X 16 fim1 which 
clearly shows the double top metal contact. 

acteristics were measured for several junctions having differ- 
ent areas and they were compared with known results of 
junctions defined by shadow evaporation. 

Curves taken from 0 to 0.75 V show the quality of the 
barrier after processing. At low bias, the behavior is ohmic 
while at higher bias it shows a nonlinear dependence. Sim- 
mons' general theory of tunneling8 was used to estimate the 
barrier height and thickness for junctions with different ar- 
eas. Independent of the original Al thickness in the sample, 
all junctions give a barrier height of 3 eV, while the barrier 
thickness varies from 1.30 to 1.36 nm. For junctions with a 
1.0 nm Al layer a slight asymmetry was seen in the I{V) 
curves which corresponds to an asymmetric barrier caused 
by some oxide formation in the Co bottom layer.9 

The resistance scaled from typically 200 kfl for a junc- 
tion area of 64X 64 fim2 up to 14 Mfl for 4 X 4 ^m2. This 
leads to a resistance-area product of nearly 1 GH /xm2, as 
represented in Fig. 3, which is in excellent agreement with 
previous results obtained for similar junctions prepared by 
shadow evaporation. 

Magnetoresistance measurements at room temperature 
were performed in an adapted probe station. A maximum 
magnetic field of 8 kA/m could be applied using a set of 
Helmholtz coils. Generally two-point measurements were 



6702        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Boeve et al. 

10 

10* ^\» 

a 104 \J 

O 
c 
co 
V> 
CO 
CD 

10° 

io2 

10' 

10° t    . .  I 

• 

....I 

v • 

o 

Junction Area (|im   ) 

FIG. 3. Area dependence of the junction resistance. Open symbols represent 
junctions made by shadow evaporation, and closed symbols represent mi- 
crofabricated junctions. 

done, justified by the enormous difference between the junc- 
tion and possible contact resistance. Tunnel current varia- 
tions due to the magnetic field were monitored by both ac 
and dc techniques using a SR830 lock-in amplifier and a 
HP4145B semiconductor parameter analyzer. Different mag- 
netoresistance values were measured for different Al thick- 
nesses, even though the barrier height and thickness in Sim- 
mons' model gave similar results. For the case of 1.0 nm Al, 
the maximum magnetoresistance value at room temperature 
was 14% for a 64X64 /z.m2 junction. A thicker Al layer (1.4 
nm) resulted in a lower magnetoresistance value of 10% but 
in this case that value has been measured for junction areas 
down to 4 X 4 yam2. Compared to the smaller barrier thick- 
ness, some unoxidized Al might be left over, which would 
result in a decrease of spin polarization of the current from 
the Co electrode and therefore the lower magnetoresistance 
value. 

The magnetoresistance curve shows a different switch- 
ing behavior for both ferromagnetic layers, which is con- 
firmed by the hysteresis loop before patterning. Figure 4 
shows the magnetoresistance curves for a magnetic field ap- 
plied along a different anisotropy axis. Since the Co has a 
higher coercivity and anisotropy field than the Ni80Fe20 layer, 
the full signal can only be reached along the easy axis of the 
Co layer. Thus, in this configuration the (nearly) antiparallel 
alignment of the magnetization in the ferromagnetic layers 
can be reached, as can be seen by the formation of a plateau 
on the magnetoresistance peaks. In addition, the orthogonal 
anisotropies create a bipolar sensor characteristic around 
zero field. 

CONCLUSION 

We have successfully patterned ferromagnetic tunnel 
junctions with areas ranging from 64X64 down to 4 
X4yU.ni2. The properties of these are very similar to the 
properties of junctions prepared by shadow evaporation. The 
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FIG. 4. Magnetoresistance response along both the Co and the NiFe easy 
axes. The difference in relative height can be explained by the relative 
orientation of the magnetization of the ferromagnetic layers for a magnetic 
field being applied along a different axis. 

resistance-area product of the junctions is nearly 1 GO /nm2, 
which seems very high for further device applications. 

We have started studying the effect of intrinsic magnetic 
properties on the performance of the tunnel junction. A bi- 
polar sensor characteristic can be achieved by using a per- 
pendicular anisotropy axis orientation for the different ferro- 
magnetic layers. Further scaling towards smaller dimensions 
is under investigation as is the influence of the different pro- 
cessing steps on tunnel junction properties. Smaller dimen- 
sions will require a self-aligned processing scheme. 
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Nanometric cartography of tunnel current in metal-oxide junctions 
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Recently, ferromagnet/insulator/ferromagnet trilayer junctions were shown to exhibit large 
magnetoresistance effects. However, these effects proved to be poorly reproducible from sample to 
sample. To get a nanoscopic insight on the origin of these fluctuations, we have used a combined 
atomic force microscope/scanning tunneling microscope setup to map the tunnel current that flows 
through metal/oxide stacks. The current histogram, which extends over 1-2 orders of magnitude, is 
found to be well described by a simple model which takes into account tiny spatial fluctuations of 
tunnel barrier thickness (typically, 0.1 nm). Moreover, our analysis shows that the total conductance 
of imperfect metal/oxide junctions tends to be dominated by very few sites. This result allows us to 
relate the sample-to-sample conductance fluctuations to slight local variations of the tunnel barrier 
parameters.   © 1998 American Institute of Physics. [S0021-8979(98)47511-X] 

Spin-polarized tunneling has been extensively studied 
since the discovery of large magnetoresistance effects in 
magnetic tunnel junctions (MTJ's) consisting of 
ferromagnet/insulator/ferromagnet trilayers.1'2 Because of 
their remarkable magnetotransport properties, these MTJ's 
appeared as good candidates for technological applications in 
devices such as magnetic sensors or nonvolatile data storage 
memories. The advantage of using such junctions is, how- 
ever, significantly altered by the large fluctuations of tunnel 
resistance (up to four orders of magnitude) that are currently 
observed from junction to junction,2"5 and which make them 
not yet usable as industrial products. At the present time, the 
irreproductibility of the electrical characteristics of MTJ's is 
assumed to be mostly related to large changes in local elec- 
tron barrier transmission, which may result from defects pro- 
viding localized electron states, from fluctuations in barrier 
thickness, as well as from pinholes in the insulating films.3'5 

All of these defects being normally buried within the core of 
the MTJ's, hence, hard to investigate, no attempt has yet 
been made to verify these assumptions. 

One way to study the role played in the tunneling pro- 
cess by localized defects inside the insulating layers is to 
investigate, at a nanoscopic scale, the tunnel current trans- 
mitted through the insulating layers while not yet covered by 
the second ferromagnetic layers. For studying locally this 
current, we applied the technique first developed by Morita 
et al.6 and later improved by Houze et al.1 for measuring 
local contact resistance. An atomic force microscope (AFM) 
equipped with a conducting tip was used to simultaneously 
record the usual topographical information and map the cur- 
rent flowing through a tunnel barrier consisting of an insu- 
lating oxide layer naturally grown on a ferromagnetic film. 
Our experimental results show that the tunnel current can 
vary from place to place by more than one order of magni- 
tude. A statistical analysis involving a fit of the current dis- 
tributions according to a simple model reveals that the large 

"'Electronic mail: victor@michelangelo.u-strasbg.fr. 

fluctuations of current are probably induced by rather small 
fluctuations of tunnel barrier thickness (or of other tunnel 
parameters such as barrier height). 

The samples studied consisted of superficially oxidized 
Co films. The initial films were prepared by ultrahigh 
vacuum e-beam evaporation. 10 nm thick hep (0001) Co 
layers were first grown at room temperature on 25 nm thick 
single-crystal (0001) Ru buffer layers previously deposited at 
700 °C on freshly cleaved mica substrates. The oxidation of 
the top Co surface was later accomplished by leaving the 
films under atmospheric conditions for three months. X-ray 
photoelectron spectroscopy (XPS) revealed that the average 
thickness of the capping oxide was (2 ± 1) nm. 

The current measurements were carried out using a com- 
mercial atomic force microscope operated in a dc contact 
mode. The deflection of the cantilever supporting the tip, and 
thus the force exerted on the tip (a few 10~9 N), was main- 
tained at some constant value by a feedback loop that con- 
tinuously adjusted the cantilever height as the tip was 
scanned over the sample surface, which allowed us to deter- 
mine the topography of the investigated sample. Further- 
more, using a conducting tip and applying a bias voltage of, 
typically, 1 V between the bottom ferromagnetic electrode 
and the tip permitted us to record simultaneously the current 
flowing through the insulating layer. This led to a cartogra- 
phy of the electrical features of the insulator surface. 

The probes were common Si3N4 cantilevers with inte- 
grated tips having an apex radius of, typically, 30 nm. These 
probes were coated with 30 nm thick conducting films de- 
posited under high-vacuum conditions. The quality of the 
experimental results strongly depended on the nature of the 
conducting material.7 We obtained the best results with 
probes covered with TiN^. compounds, which exhibit ultra- 
hardness, good corrosion resistance, as well as electrical con- 
ductivities comparable to those of pure transition metals.8 

Indeed, the current images obtained with TIN,, coated probes 
proved to be reproducible as successive scans were per- 
formed. 

Figures 1(a) and 1(b) show typical topographical and 
current images recorded simultaneously while exploring a 
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FIG. 1. (a) 136X136nm2 topographical and (b) electrical images of the 
same area of an epitaxial Co film oxidized in air. (c) Topography profile 
along AA'. (d) Profile of the tunnel current intensity along BB'=AA'. 

136X 136 nm2 region of an oxidized Co surface. The AFM 
image of Fig. 1(a) reveals that the oxidation in air of our Co 
films gives rise to a relatively flat top surface, the standard 
deviation of the height data being 0.5 nm within the dis- 
played area. However, no atomic steps and terraces can be 
distinguished. 

The currents that were measured in the different parts of 
the investigated region [Fig. 1(b)] range from almost zero or 
undetectable values to nearly 100 nA. As we checked by 
investigating (oxide-free) Au surfaces with the same experi- 
mental setup, currents that are measured in the case of a 
metal/metal contact between the tip and sample are no less 
than a few microamperes. Furthermore, one can check using 
(for example) Simmons' model9 that the most probable cur- 
rent values, which range from a few tenths of nanoampere to 
a few nanoamperes, are consistent with tunneling through a 
1-2 nm thick barrier of height 1-2 eV and an effective con- 
tact area of about 20 nm2, as inferred from the size of the 
smallest electrical features that were imaged. Therefore, we 
attribute the low currents that are obtained on CoO^. films to 
tunneling. Moreover, no pinholes are found in the CoOx cap 
(we have unambiguously observed such pinholes as we in- 
vestigated other kinds of samples). Following this line of 
thought, the bright (respectively, dark) zones in the current 
image correspond to high (respectively, low) tunneling cur- 
rents, and hence, to sites where the barrier thickness might be 
locally smaller (respectively, larger) than the average value. 
Notice that a comparison of the topographical [Figs. 1(a) and 
1(c)] and electrical [Figs. 1(b) and 1(d)] data does not reveal 
a strong correlation between the two kinds of features. 

The electrical images were analyzed statistically by cal- 
culating the distribution of tunnel currents Pt(i). The distri- 
bution computed from the image shown in Fig. 1 (b) is pre- 
sented in Fig. 2. It exhibits a highly asymmetric shape with a 
pronounced maximum at 3 nA and a very slow decrease for 
large currents. From this distribution, it appears that the tun- 
nel current varies from place to place by 1 -2 orders of mag- 
nitude and that relatively high currents are only transmitted 
through very few sites. 

These observations can be connected to the statistical 

e 
o 
•c 
s 

•c 

15 

£ 
a. 

0.04' 

0.03- 

0.02- 

0.01 

0.00 ■ 

experimental distribution 

_ fit to a log-normal 
distribution 

current intensity (nA) 

FIG. 2. Experimental and theoretical distributions of tunneling current. The 
experimental data were calculated from the image of Fig. 1(b). 

analysis of tunneling through a barrier with fluctuating pa- 
rameters presented in Ref. 10. As a simple model, one may 
consider a rectangular potential barrier of height V0 and 
thickness /. The tunneling probability t for particles of mass 
M and kinetic energy E<V0 is given by ?=1/{1 
+ B~l sinh2[//(2\)]} where X = h/[2yJ2M(V0-E)] is the at- 
tenuation length within the barrier and B~l = Vl/[4E(V0 

— £)]. To take into account the fluctuations in the barrier 
thickness, one may introduce a Gaussian distribution of av- 
erage value IQ and standard deviation <j. This results, for t 
<S1, in a log-normal distribution P,(t) of the transmission 
coefficient t 

p,{ty 
i   i 
T= ~ exp 
x/2^ t 

1 

2ß 2 [ln(0- «]2 (1) 

where a = ln(4ß)-/0/\ and ß=a/X. As shown in Ref. 10, 
the transmission t exhibits very different behaviors, depend- 
ing on o\ For very small a, Pt(t) is close to a narrow Gauss- 
ian distribution. For larger a, P,(t) becomes much 
"broader" and has a tail at large t, which allows the trans- 
mission t to fluctuate from place to place by as much as 
several orders of magnitude. One can show that the current 
may then flow so inhomogeneously through the tunnel bar- 
rier that the total transmission is dominated by very few 
sites. Thereby, one can predict very large sample-to-sample 
conductance fluctuations. Interestingly, these results are ro- 
bust and similar behaviors would be obtained for non- 
Gaussian fluctuations of barrier thickness, more complicated 
barrier shapes, or fluctuations in the barrier height. 

This model has been used to achieve a quantitative de- 
termination of the statistical properties of the Co/CoO^. junc- 
tions. As shown in Fig. 2, the current distribution is reason- 
ably well fit using Eq. (1). This is remarkable since the latter 
contains only two parameters, a and ß, and results from a 
simple model (rectangular barrier; Gaussian fluctuations). As 
currents i are measured and not directly the transmissions t, 
a scaling parameter rj was introduced to give t= r/i. This 
transformation, implying Pj(i)= 7}P,(r)i), leads to an ex- 
pression for the current distribution Pt(i) similar to that ob- 
tained for the transmission t, the a parameter in Eq. (1) 
being simply replaced by a' = a-ln(7j). The proportionality 
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factor rj is related to the contact area between the tip and the 
sample, and hence, depends upon the tip radius, since the 
latter determines the size of the surface area from which the 
current is collected. 

For all data, however, there is a small residual discrep- 
ancy between the experimental data and the distribution fit 
for values of i larger than 75 nA and smaller than 5 nA, 
which may be attributed to the finite size of the probing tip. 
Indeed, the rather large radius of the tip prevents access to 
the small holes that exist in the sample surface. One may 
reasonably think that in these holes the tunnel barrier is thin- 
ner and the current, which could be transmitted, is higher. 
Not probing them results in an underestimate of the amount 
of surface associated with large currents. Correspondingly, 
sharp asperities that would correspond to low transmissions 
tend to keep the tip away from the surface, thus artificially 
increasing the proportion of low currents. This explanation 
accounts for the weak correlation that exists between the 
surface topography and barrier thickness. 

The best fit of our experimental data [Fig. 2] was ob- 
tained with a'= 3.0 and ß= 1.4. To our knowledge, no ex- 
perimental value has been reported for the effective barrier 
height (f>=V0 — E of cobalt oxide. However, typical values 
of (j> available in the literature range from 1 to 4 eV, depend- 
ing on the insulating material.11 This corresponds to attenu- 
ation lengths X. ranging from 0.05 to 0.1 nm. Combining 
these limiting values with the parameter ß=<j/\ deduced 
from our fit, we can estimate the variance of the barrier 
thickness distribution a, to be between 0.07 and 0.14 nm. 
This value (a*=> 0.1 nm) is smaller than the topographical 
roughness (=«0.5 nm). We, thus, interpret the latter as being 
due mostly to the underlying Co film. This film would be 
covered by a CoCX,. layer of nearly constant thickness. 

From the distribution P,(0 determined experimentally, 
it is concluded that the tunnel current flows in an inhomoge- 
neous manner through the CoOx barrier. Indeed, we calculate 
that 50% of the total current that gets through the barrier is 
transmitted by only 9% of the sample area. Concomitantly, 
the average transmission (t) is 15 times larger than the most 
probable transmission tt, which is associated with the peak 
of the distribution. This shows that the usual integrated con- 
ductance or resistance measurements that yield only average 
values fail to characterize imperfect tunnel junctions. Indeed, 
for broad distributions as opposed to narrow distributions, 
such as Gaussian, the random variable fluctuates so much 
around its average value that the average value in itself 
ceases to be a relevant parameter.10'12 This statement is rein- 
forced by the fact that our sample is a very good one from 
the point of view of the tunnel barrier homogeneity since 
fluctuations of barrier thickness amount to less than one 
atomic layer (cr^O.l nm). For cr=0.2nm (/3 = 2.8), which 
would still be good according to usual thin-film standards, 
50% of the current would be transmitted through only 0.3% 
of the sample surface. The average transmission (t) would 
be 2X 105 times the most probable transmission tt, thus ut- 

terly ruining the meaningfulness of measurement techniques 
yielding average values. 

In conclusion, we have demonstrated the possibility of 
reproducibly mapping, at a nanoscopic scale the tunnel cur- 
rents. As predicted in Ref. 10, the distribution of currents 
tends to exhibit a shape similar to that of Levy distributions, 
characterized by a long tail extending to large current values. 
This shows that broad distributions, widely known in com- 
plex systems such as turbulent flows or spin glasses,12 also 
appear in the theoretical description of simpler phenomena 
such as quantum tunneling through insulating layers. 

Moreover, the statistical properties of these Levy-like 
distributions imply dramatic practical consequences. First, 
for thin insulating films, very small thickness fluctuations 
((r=0.1 nm) give rise to tunnel current fluctuations greater 
than one order of magnitude. Second, usual measurements of 
average conductance performed on imperfect tunnel junc- 
tions yield incomplete information about the tunnel barrier, 
since the current flows in such an inhomogeneous way that 
the total conductance is often dominated by contributions 
from a few localized sites having very high transmissions. 
Third, the statistical properties discussed here could naturally 
account for the large fluctuations of integrated conductance 
observed from sample to sample. Finally, we can take advan- 
tage of the results of our statistical analysis to propose a 
strategy for making more reproducible tunnel junctions, in 
the same way as previously used to improve the lowest tem- 
peratures achieved by laser cooling.13 Apart from the trivial 
argument of reducing a, Eq. (1) shows that one could dras- 
tically reduce the current fluctuations by increasing X, i.e., 
using lower tunnel barriers.14 
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Sintered Sm2(Co,Fe,Cu,Zr)17 magnets with improved high temperature performance have been 
obtained by reducing the iron content in the magnet alloys. A record intrinsic coercive force, jHc, 
of 8.3 kOe at 400 °C was obtained when the iron content was decreased to 7 wt%. At 400-600 °C, 
2:17 magnets with low iron content have demonstrated lower irreversible loss of magnetic flux, 
higher maximum energy product, and lower temperature coefficient of 7//c. A temperature 
coefficient of IHc=-0.\2%/°C (20-400 °C) was obtained for the low Fe magnets, compared to 
-0.23%/°C for commercial 2:17. Reducing iron content increases both Curie temperature and 
anisotropy field. Therefore, it is anticipated that new 2:17 magnet materials capable of operating at 
400 °C or higher temperatures can be developed by reducing or eliminating the iron content and 
making other adjustments in composition and heat treatment. © 1998 American Institute of 
Physics. [S0021-8979(98)19111-9] 

I. INTRODUCTION 

The power system in a new generation of aircraft re- 
quires magnetic materials capable of operating at tempera- 
tures higher than 400 °C. The More Electric Aircraft (MEA) 
initiative proposed by the U.S. Air Force is a driving force in 
high temperature requirements for magnetic materials. In the 
MEA, all hydraulic-mechanical components will be replaced 
by electric-magnetic components, and the centralized hy- 
draulic heat sink will also be eliminated. This will signifi- 
cantly enhance the reliability, reduce maintenance, and 
greatly decrease support and logistics cost. However, the 
high temperature properties of magnetic materials must be 
substantially improved to satisfy MEA requirements. 

The best existing high energy density, high temperature 
permanent magnet material, Sm2(Co^FeA-CurZrz)17 (2:17), 
has been satisfying many applications at temperatures up to 
300 °C. For applications at temperatures higher than 400 °C, 
magnetic materials with improved high temperature proper- 
ties must be developed. Prior to the Air Force MEA initia- 
tive, there was little demand or need for magnets capable of 
operation above 300 °C. Accordingly, magnet performance 
at temperatures >300 °C has not been a principal concern in 
magnetic materials R&D. In the last 14 years, permanent 
magnet material R&D has been focused primarily on the 
following three topics: (1) Nd2Fe14B based materials and 
other ternary rare earth (RE)-transition metal (TM) systems; 
(2) New RE-TM permanent magnet materials containing in- 
terstitial atoms (N or C); and (3) New nanocrystalline com- 
posite magnet materials containing the magnetically hard 
phase with high crystalline anisotropy and the magnetically 
soft phase with high saturation magnetization.1"3 These ef- 

forts, however, have not yet led to the next generation of rare 
earth permanent magnets (REPM). 

Because most RE-TM binary systems have been exten- 
sively studied, it is more likely that the new promising com- 
pounds will be found in ternary or quaternary systems. Based 
on today's knowledge of thermodynamics, kinetics, crystal- 
lography, and magnetics, it is still impossible to predict or 
calculate crystalline structures and basic magnetic properties. 
In the foreseeable future the empirical approach will be our 
principal method to search for new promising compounds in 
more complicated systems. Therefore, it will take more time 
than one might expect before another breakthrough occurs. 
Since the appearance of Nd2Fe14B magnets in 1983, the 
worldwide study of 2:17 magnets has been slowed consider- 
ably. Actually, there is still room for significant improve- 
ment. We believe that, in addition to studying new materials, 
we can continue to improve the best existing high tempera- 
ture 2:17-type magnets. 

Recent studies have shown that the thermal stability of 
2:17 magnets is related to the iron content in the 2:17 magnet 
alloys.4"6 In order to increase the long-term reliable operat- 
ing temperature from the current 300 °C to higher tempera- 
tures, two important magnetic parameters of the existing 
commercial 2:17 magnets must be improved. The first one is 
{HC. Our high temperature characterization of the best com- 
mercial high-coercivity-type 2:17 magnets showed that at 
400 °C, jHc dropped from the room temperature value of 
>30 to 5.7 kOe and the second-quadrant induction demag- 
netization curve is not straight.4 In order to keep the induc- 
tion demagnetization curve a straight line, which is important 
for dynamic applications, ,HC at 400 °C has to be increased 
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TABLE I. (BH)max and ß of 2:17 magnets vs Fe wt% at different tempera- 
tures. 
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FIG. 1. ,HC vs Fe content in 2:17 magnets at 400 °C. 

to at least > 8 kOe. The second magnetic parameter which 
needs to be improved is the long-term thermal stability. Our 
previous application-oriented characterization showed that 
after aging at 400 °C for 4300 h, the maximum energy prod- 
uct, the best commercial 2:17 magnet, dropped as much as 
about 40%.6 Obviously, the long-term high temperature sta- 
bility of the current 2:17 magnets must be significantly im- 
proved before they can be used at 400 °C or higher. 

Previous studies on the Sm2(Co1_xFex)17 system indi- 
cated that when JC<0.5, the compound retains the easy-axis 
magnetic symmetry. And, on further reduction of x, both the 
anisotropy field and the Curie temperature are substantially 
increased.7'8 Therefore, it is possible that the above men- 
tioned two problems can be resolved by reducing the iron 
content and by making other adjustments in composition and 
heat treatment. 

II. EXPERIMENT 

New 2:17 magnets with compositions of 
SmCCoMFe^Cu.oeZr^.g with v = 0-0.28 (0-20 wt%) were 
prepared by vacuum induction melting and conventional 
powder metallurgy processing. Magnetic characterizations 
from room temperature up to 300 °C were performed using a 
hysteresigraph, while magnetic properties at 400 °C and 
higher were determined using a vibrating sample magneto- 
meter (VSM). Because the VSM characterization is an open- 
circuit measurement, careful calibration was made so that the 
result of VSM measurement was in excellent agreement with 
that of closed-circuit hysteresigraph measurement. An aging 
experiment was carried out up to 845 °C, in which the flux 
was determined using a fluxmeter. Curie temperatures of 
2:17 magnets with various iron contents were determined 

Fe 

(BH)m at various temperatures 
[MGOe] ß 

[%/°C] 
20-400 °C [wt%] 20 °C 300 °C 400 °C 500 °C 600 °C 

20 30.5 20.7 14.6 6.2 2.9 
15 28.2 21.5 17.4 8.4 3.2 -0.23 
8 [A]» 24.6 18.8 15.8 11.6 5.6 -0.21 
8[B]a 22.6 17.2 14.5 10.2 4.9 -0.12 
0 21.4 16.4 Samples in test for 400- -600 °C 

a8% Fe [A] and 8% Fe [B] have different :HC at room temperature. 

using thermal magnetic analysis (TMA). A Siemens Gadds 
Hi Start Area Detector x-ray diffraction was used to deter- 
mine lattice constants of 2:17 materials with different iron 
contents. Curie temperatures and lattice constants are shown 
in Table III. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the {HC versus the iron content in 2:17 
magnets at 400 °C. The data show that reducing iron content 
enhances the ,HC at 400 °C. A record jHc of 8.3 kOe at 
400 °C was obtained when the iron content was decreased to 
7 wt%. It is also significant that the second-quadrant induc- 
tion demagnetization curve of this magnet is a straight line at 
400 °C. Decreasing iron content in 2:17 magnet alloys also 
resulted in magnets with low temperature coefficient of 
,Hc(ß). A very low ß of -0.12%/°C (20-400 °C) was 
achieved in the magnets with 8 wt% iron. This is about half 
of the value of commercial 2:17 magnets. The 2:17 magnets 
with low iron content demonstrate not only higher ,HC and 
lower temperature coefficient of ,HC, but also greater maxi- 
mum energy product (BH)M at high temperatures. Table I 
lists the (BH)max of three 2:17 magnets with different iron 
contents  at different temperatures.  Figure  2  shows the 
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FIG. 2. Energy product vs Fe content at different temperatures: solid marks- 
measured data, hollow marks-estimated. 
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TABLE III. 7c, lattice constants, and unit cell volumes of the 2:17 magnets. 
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FIG. 3. Room temperature magnetic flux of the magnets with different % Fe 
after 2 h at the temperatures shown. Sample dimensions: <j> 1.0 cmX0.635 
cm. 

(BH)max vs Fe content at different temperatures. It is evident 
that at high temperatures 2:17 magnets with lower iron dem- 
onstrate better magnetic performance than that of commer- 
cial 2:17. With adjustments in chemical compositions and 
heat treatment, further improvement is anticipated. 

Figure 3 compares the magnet flux change of 2:17 mag- 
nets in an aging experiment up to 845 °C. Three 2:17 mag- 
nets with various iron contents were used in this experiment 
as shown in Table II. The dimensions of the samples for this 
experiment were 1.00 cm in diameter, and 0.635 cm in thick- 
ness. In this experiment, 2:17 magnet samples were heated to 
a specific temperature between room temperature and 
845 °C, kept at that temperature for 2 h, cooled to room 
temperature, and then the magnetic flux was measured using 
a Helmholtz coil. It can be seen from Fig. 3 that after the 
short-term aging, the magnet with 15 wt% Fe retained the 
highest flux when aged below 400 °C. When aged between 

Fe 
[wt%] 

Tc 
[°C] 

a 
[Ä] 

c 
[A] [A3] 

15 
8[B] 

0 

810 

855 

8.493 
8.471 
8.459 

12.244 
12.218 
12.206 

764.94 
759.31 
756.27 

400° and 550 °C, the magnet with 8: wt% Fe showed the 
highest flux. When aged from >550 to 845 °C, the magnet 
with 0 wt% Fe demonstrated the highest flux. The sample 
with 0 wt% Fe had lower ,HC at room temperature, which 
might affect the losses at <550 °C. 

One reason why 2:17 magnets with low iron content 
demonstrate improved high temperature stability is their 
higher Curie temperature. The Curie temperature of a 2:17 
magnet with 0 wt% Fe is 855 °C, or 45 °C higher than that of 
a 2:17 magnet with 15 wt% Fe (Table III). We anticipate that 
these new 2:17 magnets with low (or zero) iron content will 
demonstrate improved long-term high temperature stability 
because of their increased Curie temperature and the in- 
creased crystalline anisotropy. Results of x-ray diffraction 
showed that the new 2:17 magnet materials containing 8 
wt% Fe and 0 wt% Fe have rhombohedral crystalline sym- 
metry and the crystal lattice constants shrank slightly upon 
reducing iron content as shown in Table III. 

These new promising results show that it is possible to 
develop new 2:17 magnet materials capable of operating at 
temperatures of 400 °C or higher by reducing or eliminating 
the iron content and making other adjustments in composi- 
tion and heat treatment. 
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TABLE II. Three 2:17 magnet samples used in the aging experiment. 

Fe 
450 °C/2h 600 °C/2 h 

[wt%] [kOe] Flux Flux Loss Flux        Loss 

15 >30 518 383 26% 168         68% 
8 [A] >30 480 455 5% 252        48% 

0 17 455 403 11% 286         37% 

°/Hc At room temperature. All the samples have 1.00 cm in diameter and 
0.635 cm in thickness. . 
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Phase transformation and magnetic properties 
of Sm(Coo.91_xFexCuo.o7Zro.o2)z powders for bonded 
magnet applications 

W. Gong, B. M. Ma,a) and C. O. Bounds 
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Structural and magnetic properties of Sm(Co091_A.Fe;tCu0.07Zr002)8.o, where x = 0, 0.12, 0.21, 0.29, 
and 0.32, and Sm(Co0.64Fe0 28Cu0 06Zr0m)z, where z ranged from 6.9 to 8.6, have been 
systematically investigated by x-ray powder diffraction. It was found that most of these alloys 
exhibit a hexagonal Th2Ni17 structure with a space group P63/mmc after an optimum solid solution 
treatment with rapid quench. The fully processed materials (after precipitation hardening) all exhibit 
a rhombohedral Th2Zn17 structure with a space group of R3m as the primary phase. For 
Sm(Co091_xFeA.Cu007Zr002)8.o, the lattice parameters, a and c, and cell volume, V, increase 
slightly at first with increasing x, and then more sharply when x is increased above 0.28. The latter 
drastic increase in lattice parameters and cell volume results in a sharp decrease in the Hci, Hc, and 
Hk values of fully processed materials. For Sm(Co0 64Fe0 28Cu0 06Zr0 02)z, the lattice parameters, a 
and c, and cell volume increase slightly when z is varied from 6.8 to 7.8, then exhibit a drastic 
decrease when z is further increased beyond 8.0. A Br of 11.3 kG, Hci of 27 kOe, and BHmm of 30 
MGOe have been obtained on Sm(Coo;63Fe0.28Cu007Zr002)80 after a solid solution at 1160 °C and 
aging at 850 °C.   © 1998 American Institute of Physics. [S0021-8979(98)15711-0] 

I. INTRODUCTION 

The phase transformations of Sm(Co, Fe, Cu, Zr)z alloys 
of commercial interest have been studied by many 
researchers.1"3 There are many models to explain the rela- 
tionship between transitional phases and the mechanism, mi- 
crostructure, and magnetic properties obtained on finished 
magnets. One model suggests that a single phase precursor 
(after a solid solution treatment and quenching) with a rhom- 
bohedral Th2Zn17 structure with a space group of R3m 
(Space Group No. 166) is critical to obtaining the desired 
final microstructure.4 A second model indicates that the pre- 
cursor phase must be a metastable TbCu7 structure with a 
space group of P6/mmm (Space Group No. 191).5 Since both 
structures are metastable derivations of the CaCu5 structure, 
lattice parameters and their relationship with nominal com- 
positions are of scientific interest and technological impor- 
tance. 

To clarify the structural transitions, we studied a nar- 
rowly defined composition range and conducted a series of 
experiments with various thermal treatments to compare the 
structure, lattice parameters, and magnetic properties of 
Sm(Co091_;cFe^:Cu007Zr002);:, where x = 0.21 to 0.32 and z 
= 6.9 to 8.6. Our focus was on how the alloy composition 
affected the microstructural, lattice parameters, and the mag- 
netic properties, namely Br, Hc, Hci, BHmm, and Hk. 

II. EXPERIMENT 

Sm(Co0.91_;t.FeJ.Cu0.07Zr002);:, where x = 0.21 to 0.32 
and z = 6.9 to 8.6, were prepared by conventional vacuum 
induction melting and mold casting. Alloy ingots were solu- 

a,Electronic mail: braa@us.rhodia.com 

tion treated over a temperature range of 1130 to 1200 °C for 
4 to 24 h and quenched to room temperature, precipitation 
hardened at 800-900 °C for 4 to 10 h, slowly cooled to 
400 °C at a rate of 1 °C/min, and then quenched to room 
temperature. Alloy ingots were pulverized by a jaw crusher 
and a cross-beater mill to obtain powder with top size of 75 
^m. A Perken Elmer differential thermal analyzer (DTA) 
was employed to determine magnetic phase transformations. 
A Siemens x-ray diffractometer with a Co Ka radiation and 
a Hi-Star area detector were utilized to measure the lattice 
parameters and to determine the structure of the alloy pow- 
ders. Magnets of 3 mm in diameter were prepared by mixing 
powders with molten paraffin, aligned under a 30 kOe peak 
magnetic field then solidified. The magnetic properties were 
determined by measuring the second quadrant demagnetiza- 
tion curves using a vibrating sample magnetometer (VSM). 
A theoretical density of 8.4 gm/cm3 and a demagnetization 
factor of 0.29 were used to obtain the normalized 4 TTM, Br, 
and BHmsx values of powders. 

III. RESULTS AND DISCUSSION 

Shown in Fig. 1 are the x-ray powder diffraction patterns 
of Sm(Co0 69Fe0 22Cu0 07Zr0 02)8 0 alloy quenched from solid 
solution treatment temperature [patterns (a) and (b)] and after 
an isothermal aging at 850 °C [patterns (c) and (d)]. In order 
to obtain a more precise structural indexing, the x-ray dif- 
fraction (XRD) was performed on powder samples with and 
without magnetic field alignment. Diffraction patterns (a) 
and (b) in Fig 1 are XRD patterns of samples quenched from 
solid solution temperature with and without magnetic field 
alignment, respectively. These samples had a hexagonal 
Th2Ni17 structure with a = 8.489, c = 8.176, and V 
= 510.22 Ä.3 The enhanced intensity of the (004) peaks for 
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FIG. 1. X-ray powder diffraction of Sm(Co0 69Fe0 22Cu0 07Zr0 02)8 0 after a 
solid solution treatment (a) without and (b) with magnetic alignment and 
fully processed materials (c) without and (d) with magnetic alignment. 
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0.32 

FIG. 2. The variations of Hcl, Br, BHmm, Hc, and Hk of 
Sm(Co09|_^FeJCu007Zr002)80 with Fe content, where x = 0.12, 0.21, 0.29, 
and 0.32. 

the powder aligned with a magnetic field suggests that the 
alloy is magnetically anisotropic with easy magnetization di- 
rection (EMD) parallel to the c axis of the hexagonal struc- 
ture. Similarly, XRD patterns (c) and (d) in Fig. 1 correspond 
to the patterns of fully processed powders with and without 
magnetic alignment, respectively. A rhombohedral Th2Zn17 

structure with space group of P63/mmc was identified. 
Again, the enhanced intensity of (006) peaks with the mag- 
netic alignment suggests that it is magnetically anisotropic 
with EMD parallel to the c axis of the rhombohedral struc- 
ture. 

Shown in Fig. 2 are the variations of Hci, Br, Hc, 
BHmax, and Hk of optimally processed 
Sm(Coo.91_xFexCu0.07Zro.o2)8.o with Fe content, where 
x = 0.12, 0.21, 0.29, and 0.32. As shown, the Hci remains 
relatively constant when the x was increased from 0.21 to 
0.28 then decreases sharply when x reached values above 
0.28. Unlike Hci, the Br increases linearly with the Fe con- 
tent. The BHmax increases initially then approaches a maxi- 
mum value of nearly 30 MGOe when x was increased above 
0.25. It is of interest to note that both Hc and Hk increase 
linearly at low Fe content then decrease sharply when the Fe 
content was increased beyond 0.28. The sharp decrease in 
Hc, Hci, and Hk may result from a structural change but 
further study is required to be precise. 

Shown in Fig. 3 are the variations of the lattice param- 
eters, both a and c, and the cell volumes of the fully pro- 
cessed Sm(Co091_^FexCu007Zr002)80 with Fe content, 
where x = 0, 0.12, 0.21, 0.29, and 0.32. At x = 0 (without Fe 
substitution), an a of 8.459 Ä, c of 12.206 Ä, and V of 
756.27 Ä3 were obtained when indexed to the Th2Zn17 struc- 
ture. The lattice parameters, a and c, and cell volume, V, 
increase gradually with increasing Fe content initially. Sharp 

increases in a and c and V can be observed when the x was 
increased above 0.29. The increase in lattice parameters and 
cell volume may hinder atomic diffusion and the develop- 
ment of the desired cellular structure with appropriate pre- 
cipitated phase for domain wall pinning.6 The increase in the 
lattice parameter and cell volume also stretch the distance 
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FIG. 3. The variations of lattice parameters a, c and cell volume V of 
Sm(Co091_JFe.(Cu007Zr0o2)8.o witn Fe content, where * = 0, 0.12, 0.21, 
0.29, and 0.32. 
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FIG. 5. The variations of lattice parameters a, c and cell volume V of 
Sm(Co0MFe028Cu006Zr002)z with z, where z ranges from 6.9 to 8.6. 

between transition metals, and enhance the exchange inter- 
action, which may explain the magnetization increase with 
increasing Fe content. 

Shown in Fig. 4 are the variations of Hci, Br, BHmilx, 
Hc and Hk of Sm(Co0 64Fe0 28Cu0 06Zr0.o2)z, where z ranges 
from 6.9 to 8.6. Initially, the Hci increases linearly with the 
stoichiometric ratio z, reaches a peak at z = 8.0, then de- 
creases drastically when z is increased beyond 8.0. Unlike 
Hci, the Br increases linearly with the z value. The BHmmHc 

and Hk all increase gradually with increasing z, reach a 
maximum at z near 8.0 to 8.2 then decrease sharply when z 
is increased beyond 8.2. Again, the decrease in Hci and Hk 

may be caused by the lattice parameters and cell volume 
which inhibit the formation of desired microstructure. 

Shown in Fig. 5 are the variations of lattice parameters, 
a and c, and the cell volume, V, of fully processed 
Sm(Co0 64Fe0 28Cuo.o6Zr0.o2)z > where z ranged from 6.9 to 
8.6. The trends of the lattice parameters, a and c, and cell 
volume are very similar. They all increase slightly with in- 
creasing z then decrease drastically when z is increased be- 
yond 8.0 indicating a structural change. A higher z value 
may cause an imbalance of the 2:17 (Th2Zr17) and 1:5 
(CaCu5) mixture in the cellular structure,7 and result in a 
drastic decrease in Hci, Hc, and Hk when z was over 8.2. 

IV. CONCLUSIONS 

Structural and magnetic properties of 
Sm(Co0.9i-^FexCu007Zr002)8.o,   where  x = 0,   0.12,   0.21, 

0.29, and 0.32, and Sm(Co0 64Fe0 28Cu0 06Zr0 02)z, where z 
ranged from 6.9 to 8.6, have been systematically investi- 
gated. It was found that most of these alloys exhibit a hex- 
agonal Th2Ni17 structure with a space group P63/mmc after 
solid solution treatment. The fully processed materials all 
exhibit a rhombohedral Th2Zr17 structure with a space group 
of R3m. For Sm(Co09i__cFeJ.Cu007Zr002)8.o, the lattice pa- 
rameters, a, and c, and cell volume, V, increase slightly 
with increasing x then increase more sharply when x is in- 
creased above 0.28. This drastic increase in lattice param- 
eters and cell volume results in a sharp decrease in Hci, Hc, 
and Hk values of fully processed materials. For 
Sm(Co0 64Fe0 28Cu0 06Zr0.02)z > the lattice parameters, a and 
c, and cell volume increase slightly when z was varied from 
6.8 to 7.8 then decrease drastically when z was increased 
beyond 8.0. Higher z value may cause an imbalance of the 
2:17 and 1:5 mixture in the cellular structure, and result in a 
drastic decrease in Hci, Hc, and Hk when z was over 8.2. 
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131-209. 
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178 (1997). 
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The effect of particle size and consolidating pressure on the magnetic 
properties of Sm(Co, Fe, Cu, Zr)z bonded magnets 

B. M. Ma,a) W. Gong, and C. O. Bounds 
Rhodia, Rare Earths and Gallium, CN-7500 Cranbury, New Jersey 08512 

C. H. Chen and M. S. Walmer 
Electron Energy Corporation, 924 Links Avenue, Landisville, Pennsylvania 17538 

The effect of particle size on the Br, BHmm, and specific density of Sm(Co0.62Feo.29Cuo.o7Zr0 02)8.0 
and Sm(Co070Fe02iCu007Zr002)8o bonded magnets has been systematically investigated. It was 
found that magnets made of powders with a top size less than 53 /jum have a low specific density 
and, hence, low Br and BHmm values. Magnets made of powders of about 250 /j,m top size, with a 
composition of Sm(Co0 62Fe0 29Cu0 07Zr0 02)8.o, yield a specific density of 7.0 gm/cc (84% of 
theoretical density), a Br of more than 8.1 kG, and a BHmm of about 15 MGOe. A slight decrease 
in Br and BHmsx was noticed when the particle top size was increased beyond 710 pm. This 
decrease in Br and BHmm may be attributed to the imperfect grain alignment arising from the fact 
that each particle may consist of multigrain grains with a random orientation. Because of the slightly 
lower Fe content, magnets with a composition of Sm(Co070Fe02iCu007Zr0o2)8.o exhibit slightly 
lower Br and BHmm values when compared to those of Sm(Co0 62Fe0 29Cu0 07Zr0 02)8.0. However, 
the relationships of Br and BHmax to particle size are nearly identical for both compositions. When 
the powder top size was fixed at about 250 /urn, a consolidating pressure of 8 T/cm2 appears to be 
sufficient to obtain magnets with a specific density of 6.9 gm/cc and with a reasonable grain 
alignment. For Sm(Co0 62Fe0 29Cu0 07Zr0 02)8 0 bonded magnets, a Br of 8.5 kG, Hc of 8.5 kOe, Hci 

of 23.0 kOe, ß//max of 16.7 MGOe, and Hk of 8.0 kOe were obtained. © 1998 American Institute 
of Physics. [S0021-8979(98)22411-X] 

I. INTRODUCTION 

Sm(Co, Fe, Cu, Zr)z-type bonded magnets have been 
used commercially for many years.1 Because of their high 
operational temperature and potentially high BHmm values, 
Sm(Co, Fe, Cu, Zr)z bonded magnets have generated signifi- 
cant interest for anisotropic applications.2 

Anisotropie bonded magnet applications with high 
BHmax values require the use of powders with high intrinsic 
BHmm values and/or the optimization of grain alignment and 
packing density (p) during magnet fabrication. In our previ- 
ous work,3 we have established the effects of particle size 
and size distribution on the magnetic properties of fully pro- 
cessed Sm(Co, Fe, Cu, Zr)z alloy powders. For a given batch 
of powder, particle alignment and packing density are two 
interrelated factors that determine the BHmm of bonded mag- 
nets. Large particles (> 250 /um) are usually multi-grain 
with random orientation and incapable of being fully aligned. 
The lower surface to volume ratio of large particles also 
implies that a high packing density can be obtained without 
using an excessive amount of binder. Unlike large particles, 
nearly single crystal grains can readily be obtained on small 
particles which can result in a nearly perfect grain alignment 
under an externally applied magnetic field of reasonable 
strength. However, the increase in surface to volume ratio of 
powders of small sizes also suggests that a higher percentage 
of binder may be necessary to achieve reasonable mechanical 
strength. Moreover, the increase in the volume fraction of 

''Electronic mail: bma@us.rhodia.com 

binder will result in a lower packing density and, hence, 
reduce the Br and BHmm values of bonded magnets. 

The consolidating pressure applied during molding is 
also an important factor in determining the particle align- 
ment and packing density of bonded magnets. A higher con- 
solidating pressure, for a fixed batch, usually leads to a 
higher packing density but may cause grain misalignment. 
Thus, powder particle size and distribution as well as con- 
solidating pressure are important parameters that affect grain 
alignment and packing density and need to be compromised 
for obtaining bonded magnets with the highest BHmax. 

In this article, we report on the relationships of the mag- 
netic properties obtained on anisotropically bonded 
Sm(Co, Fe, Cu, Zr)z magnets with the particle size distribu- 
tion and consolidating pressure during molding. 

II. EXPERIMENT 

Sm(Co0.70Fe0.2ICu0.o7Zr002)80 and Sm(Co062Fe0.29Cu007 

Zr002)80 alloys were prepared by conventional vacuum in- 
duction melting and mold casting. Alloy ingots were solution 
treated, precipitation hardened, followed by a slow cooling, 
and then quenched to optimum conditions. A jaw crusher 
was utilized to break ingots into millimeter size chunks. In- 
got pieces were then fed into a cross-beater mill with various 
screen sizes to produce powders with various maximum 
sizes from 53 to 720 fjxn size sieves. A rotary sieve was used 
to assure that all powders pass through the predetermined 
sieve size. A Horiba LA-910 laser particle size analyzer was 
used to measure the particle size distribution of the powders. 
Magnets of 10 mm in diameter and 6.4 mm in length were 
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TABLE I. Magnetic properties and specific density of Sm(Co0 62Fe0 29Cu0 07Zr0 02)8 0 and 
Sm(Co070Fe021Cu007Zr002)80 bonded magnets made from powders of various particle size when compacted 
with a consolidating pressure of 10 T/cm2. 

Particle Specific 
size Br Hc Hci BHma!i Hk density 

Sample w (kG) (kOe) (kOe) (MGOe) (kOe) (gm/cc) 

Sm(Co0 52Feo.2sCu0 07Zr0.02)8.0 
1 <710 7.6 6.9 29.3 13.6 7.4 7.01 
2 <425 7.7 7.1 29.3 13.8 7.8 7.00 
3 <250 8.5 7.4 29.5 16.7 7.8 6.92 
4 <180 7.9 7.3 29.0 14.2 7.7 6.88 
5 <106 7.7 7.1 29.0 14.0 7.6 6.72 
6 <53 7.2 6.3 28.3 11.8 5.2 6.40 

Sm(Co0. 7oFe0.2lCUo.07Zr0.o2)8.0 
7 <425 7.2 6.9 28.8 12.3 8.6 6.91 
8 <250 7.6 7.1 28.8 13.7 10.0 7.01 
9 <180 7.6 7.0 28.8 13.4 8.2 6.89 

10 <106 6.9 6.4 25.6 11.0 7.6 6.72 
11 <53 6.7 6.0 25.0 10.1 5.8 6.40 

prepared by mixing powders of the desired size with 2 wt% 
of epoxy, aligned under a 60 kOe magnetic field, and con- 
solidated with a mechanical press under a maximum load of 
10 T/cm2. To study the effect of consolidating pressure on 
bonded magnets, the load of the press was controlled from 4 
to 10 T/cm2. 

III. RESULTS AND DISCUSSION 

Listed in Table I are the remanence (Br), coercive force 
(Hc), intrinsic coercivity (Hci), maximum energy product 
(BHmm), squareness factor (Hk), and specific density (p) of 
Sm(Co0.62Fe0.29Cu0.07Zr0.02)8.0 and Sm(Co0.70Fe0.21Cu007 

Zr002)8.o bonded magnets made from powders of various 
sizes (from 53 to about 710 /mm top size) using a consolidat- 
ing pressure of 10 T/cm2. In general, the trends of the two 
magnet compositions are nearly identical. The variation of p, 
Br, BHmm, Hc, and Hk of Sm(Coo.62Fe0.29Cu0.07Zr0.o2)8.o 
bonded magnets with powder particle sizes are shown in 
Figs. 1(a)-1(e), respectively. A magnet made from powders 
of less than 53 fim yielded a specific density of 6.40 gm/cc 
(76% of theoretical density). The p increased significantly 
from 6.40 to 7.00 gm/cc when the powder size was increased 
from less than 53 to less than 425 /im and approached, as- 
ymptotically, 7.01 gm/cc (84% of the theoretical density) 
when the particle size was further increased to nearly 710 
pin. Unlike p, the Br, BHmn, and Hc of 
Sm(Co0 62Fe0 29Cu0 07Zr0 o2)8 magnets all exhibit sharp initial 
increases, then decrease slightly when the particle top size is 
increased from 53 to beyond 250 pm. 

Shown in Figs. 2(a) and 2(b) are the optical micrographs 
of an as-cast and fully processed alloy ingot with a nominal 
composition of Sm(Co0 62Fe0 29CU0 07Zr0 02)8.o- As can be 
seen, the as-cast ingot consists of three phases: the matrix 
phase, a Sm-rich boundary phase and a Zr-rich needlelike 
phase. The average grain size is about 80 pm. Significant 
grain growth can be observed on the fully processed ingot; 
the average grain size of the fully processed ingot is about 
200 pin. This suggests that powders of small sizes should be 

nearly single crystal in each individual particle and, in prin- 
ciple, should yield a better alignment during compaction and 
result in a high Br value. Nevertheless, for actual bonded 
magnets, the Br is determined by two factors; the grain align- 
ment and the packing density (p). The low Br and ßHmax 

obtained on bonded magnets made from 53 pin top size 
powders suggests that the low p was more important than 
grain alignment. The higher Br and BHmm values obtained 
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FIG. 1. Variation of specific density (p), Br, BHmm, Hc, and Hk of 
Sm(Co062Fe029Cu007Zr002)80 bonded magnets with precursor powder par- 
ticle size. 
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FIG.  2.   Optical  micrographs  of (a)  as-cast  and  (b)  fully  processed 
Sm(Coo.62Fe0.29Cuo.o7Zro.o2)8.o ingot. 

on magnets made from powders of 250 /mm top size may be 
explained by the combination of a reasonable grain align- 
ment and higher p obtained. Combining the high p and the 
decreases in Br and BHmm values, one may conclude that 
imperfect grain alignment (or grain misalignment) may have 
occurred when the particle size was increased above a 450 
fim top size. A similar trend, but less pronounced, was also 
observed on Hk. Based on these plots, it appears that pow- 
ders with a top size of 250 yu-m may yield the highest Br and 
BHmax values for the magnet fabrication method employed. 
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FIG. 3.  Variation of specific density (p), Bn B//max,  Hc,  and Hk of 
Sm(Co070Fe021Cu007Zr002)80 bonded magnets with consolidating pressure. 

In addition to the particle top size, particle size distribu- 
tion also plays an important role in determining the impact 
on p, Br and BHmm of the bonded magnets. The distribution 
is nearly Gaussian with a mean at 120 /im and a standard 
deviation of 70 fim. Powders of the other top sizes have a 
similar distribution as reported elsewhere.4 

Listed in Table II are the Br, Hc, Hci, BHmm, Hk and 
p of Sm(Co0 62Fe0 29Cu0.07Zr0 02)8 o magnets made of pow- 
ders with a particle top size of 250 /im using various con- 
solidating pressures. The variations of p, Br, BHmm, Hc, 
and Hk with consolidating pressure are shown in Fig. 3. A 
nearly linear relationship between p and consolidating pres- 
sure can be observed, and shown in the inset of Fig. 3, sug- 
gesting that p, for the fixed particle size studied, of bonded 
magnets is a simple function of the consolidating pressure. 
Using the 250 /mm top size powder and the type of binder 
used in this study, a minimum consolidating pressure of 
6 T/cm2 is necessary to achieve an 80% theoretical density. 

TABLE II. The variation of the magnetic properties and specific density of 
Sm(Co0 62Fe0 JCJCUO 07Zr0 02)8 bonded magnets made from powder of less 
than 250 /im and with various consolidating pressures. 

Consolidating Specific 
pressure Br Hc ffci ß#max Hk density 

Sample (T/cm2) (kG) (kOe) (kOe) (MGOe) (kOe) (gm/cc) 

A 4 7.5 6.7 28.7 12.9 7.2 6.55 
B 6 7.7 6.9 28.7 13.6 7.3 6.75 
C 8 8.1 7.2 28.8 14.8 7.4 6.88 
D 10 8.5 7.4 29.5 16.7 7.8 6.92 

'T. Shimoda, K. Kasai, and K. Teraishi, Proceedings of the Fourth Inter- 
national Workshop on Rare Earth-Cobalt Permanent Magnets and Their 
Applications, edited by K. Strnat (University of Dayton, Dayton, OH, 
1979), pp. 335-345. 

2T. Shimoda, E. Natori, and C. Tomita, in Proceedings of the Eighth In- 
ternational Workshop on Rare-Earth Magnets and Their Applications, 
edited by K. Strnat (University of Dayton, Dayton, OH, 1985), pp. 297- 
308. 

3W. Gong, B. M. Ma, and C. O. Bounds, J. Appl. Phys. 81, 5640 (1997). 
4W. Gong, B. M. Ma, and C. O. Bounds, in Rare Earths, Science, Tech- 
nology & Applications III, edited by R. G. Bautista, C. O. Bounds, T. W. 
Ellis, and B. T. Kilbourn (Society of Minerals, Metals, and Materials, 
Warrendale, PA, 1997), pp. 259-272. 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

High temperature stability of SmTM magnets 
A. S. Kim 
YBM Magnex, Inc., 110 Terry Drive, Newtown, Pennsylvania 18940 

To meet the demand for permanent magnet materials usable up to 450-500 °C, we investigated and 
reported that a SmTM magnet with a low temperature coefficient of coercivity and a moderately 
high coercivity has substantially lower irreversible losses at elevated temperatures than conventional 
Sm2TM17 magnets. We have continued our studies on the high temperature magnetic behavior of 
these magnets. The magnetic properties, particularly coercivity, of the SmTM7 alloy magnets are 
reduced much more slowly than the Sm2TMi7 alloy magnets as temperature increases. As a result, 
the Hci of SmTM7 remains greater than 5 kOe at 500 °C and thus maintains its high-energy product, 
while the Sm2TM17 magnet has only about 1.7 kOe at the same temperature and has a low energy 
product. SmTM7 alloy magnets undergoing a long-term stability test at 500 °C exhibit irreversible 
flux losses of less than 5% after 1240 h. These results indicate that SmTM7 alloy magnets can be 
usable up to 500 °C for an extended period of time. This will expand the application temperature 
range of high performance permanent magnets. © 1998 American Institute of Physics. 
[S0021-8979(98)41811-5] 

I. INTRODUCTION 

To fulfill recent requirements for high temperature 
applications,1 it is necessary to expand the temperature range 
of permanent magnet materials from the current maximum 
operating temperature of 300 °C to 450-500 °C. To meet 
this demand, we calculated the necessary conditions and de- 
signed a magnet satisfying those conditions.2 

The operating temperature (OT) of the magnet is ex- 
pressed as 

OT=RT+ 
■^ei.RT    #c;,OT 

Hci,RTX(-ß) 
X100%, (1) 

where R.T. stands for room temperature, HcjRT and Hci0r 

stand for intrinsic coercivities at room temperature and op- 
erating temperature, respectively, and ß stands for the tem- 
perature coefficient of Hci. 

Since the maximum energy product can be obtained 
when Hc01^—Br01, it is generally safe to set the mini- 
mum Hci0r= 5 kOe at temperature range of 450-500 °C for 
the maximum operating temperature, as described 
elsewhere.2 Therefore, the Eq. (1) can be rewritten as 

MOT=RT+ 
HciRT— 5  kOe 

Hci,Kr><(-ß) 
X100%. (2) 

The maximum operating temperature (MOT) is a func- 
tion of coercivity at room temperature (HciRT) and the tem- 
perature coefficient of coercivity (ß). It is noted that the 
MOT is much more effectively increased by a ß decrease 
than by an HciRT increase. This suggests changing our re- 
search direction from increasing Hci RT to lowering the ß 
value while maintaining a moderately high HciKT and a high 
Curie temperature. To develop a magnet meeting such a con- 
cept, it is necessary to find out what controls the temperature 
coefficient of coercivity. Nesbitt et al? reported that a partial 
substitution of Cu for Co in SmCo5 formed a nonmagnetic 
Cu-rich precipitate in the SmCo5 matrix, which could impede 
domain wall motion. Senno et al.4 reported that the addition 

of Cu in Sm2(Fe,Co)17 exhibited domain wall pinning, and 
Nagel5 reported that Mn and Cr addition in Sm2(Fe,Co)17 

exhibited nucleation controlled magnetization reversal. The 
former has a much smaller ß than the latter. In other words, 
Cu addition to SmCo5 or Sm2(Fe,Co)17 changes the magne- 
tization reversal from nucleation control to domain wall pin- 
ning and reduces the ß value. With this knowledge, it is 
possible to predict a further reduction of ß by the optimum 
control of Cu in relation to other elements. Alloy composi- 
tions of Sm(Co,Fe,Cu,Zr)z were varied to find the optimum 
composition with the lowest ß value. We found and 
reported2 that a magnet made from a Cu enriched SmTM7 

alloy possesses a low temperature coefficient of coercivity 
(-/?=£15%/°C) and moderately high coercivity (HciRT 

3=15kOe). 
In this study, we will discuss the high temperature mag- 

netic behavior of this magnet compared to a conventional 
Sm2TM17 magnet. The possible mechanism for the lower 
temperature coefficient of coercivity will also be discussed. 

II. EXPERIMENT 

Two predetermined alloy charges were melted in a 
vacuum induction-melting furnace. They are 

2:17 alloy: Sm(Co.677Fe.232Cu.068Zr.023)8, 

1:7  alloy: Sm(Co.687Fe.202Cu.09oZr.021)7. 

The alloy melts were cast into a copper mold and sintered 
magnets were prepared from them by a conventional powder 
metallurgy method described elsewhere.2 The magnetic 
properties were measured at room temperature (21 °C) and at 
150 °C with a hysteresigraph and a high temperature search 
coil. The temperature coefficient of Hci(ß) was determined 
from the magnetic properties measured at 21 and 150 °C. 
The high temperature magnetic properties were measured up 
to 600 °C with a VSM equipped with a furnace. The irrevers- 
ible magnetic  flux loss  was  estimated at a permeance 
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TABLE I. Magnetic properties at room temperature. 35 
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III. RESULTS AND DISCUSSION 

The magnetic properties at room temperature of the aged 
magnets are listed in Table I. The magnet made from 2:17 
alloy exhibits much higher Br, Hci, and (BH)max than the 
magnet made from 1:7 alloy. It is noted, however, that the 
1:7 alloy has much better loop squareness (Hk) than the 2:17 
alloy. These magnets were measured at 150 °C with the same 
hysteresigraph. 

The Hci values at 21 and 150 °C, and temperature coef- 
ficient of coercivity (ß) calculated between 21 and 150 °C 
are listed in Table II. The 2:17 alloy magnet has ß 
= -0.27%/°C, while that of the 1:7 alloy magnet is 
— 0.14%/°C. Since the latter satisfies the necessary condi- 
tions described in the Introduction, we examined the thermo- 
magnetic behavior of it at temperatures between 21 and 
600 CC by comparing with 2:17 alloy magnets. The coercivi- 
ties of two 2:17 alloy magnets and one 1:7 alloy magnet 
measured at 21, 150, 300, 400, 500, and 600 °C are plotted 
against temperature in Fig. 1. The 2:17 alloy magnets show 
much higher room temperature coercivities than the 1:7 alloy 
magnet. However, as temperature increases, the coercivities 
of 2:17 alloy magnets decrease much faster than that of the 
1:7 alloy magnet. This reflects the difference in the tempera- 
ture coefficient of coercivity. As predicted in the Introduc- 
tion, the 2:17 alloy magnets reach their maximum operating 
temperature (MOT) at just above 300 °C (Hci^5 kOe), 
while the 1:7 alloy magnet reaches its MOT at about 500 °C 
(Hci^5 kOe) as shown in Fig. 1. 

The magnetic properties measured at 500 °C for both 
magnets are compared in Fig. 2(a) and Fig. 2(b). The 1:7 
alloy magnet exhibits a fairly wide hysteresis loop having a 
coercivity of 5.1 kOe at 500 °C while the 2:17 alloy magnet 
exhibits a narrow loop with a low coercivity (—1.7 kOe). 
We also compared the temperature stabilities of these mag- 
nets by measuring the irreversible flux losses after exposure 
to elevated temperatures for 6 h. The irreversible losses of 
2:17 and 1:7 alloy magnets are plotted against temperature in 

TABLE II. Coercivities at 21 and 150 °C, and temperature coefficient of 

Hci_  

Alloy       HcL 21»c, kOe       ffcii 150 „c, kOe       /3(21-150 °C), %/°C 

2:17 
1:7 

27.51 
18.68 

17.80 
15.36 

-0.27 
-0.14 

FIG. 1. Temperature dependence of coercivity of 2:17 and 1:7 alloy mag- 
nets. 

Fig. 3. The 2:17 alloy magnet (A) starts to increase irrevers- 
ible losses at about 300 °C, and the 1:7 alloy magnet (D) at 
about 500 °C. These temperatures agree well with the MOT 
values (300 °C for the 2:17 magnet and 500 °C for the 1:7 
magnet with -/?«0.15%/°C) predicted in the Introduction. 

The 1:7 alloy magnets undergoing a long term stability 
test at 500 °C exhibit irreversible flux losses of less than 5% 
after 1240 h. This indicates that the MOT is dramatically 
increased by lowering the ß value rather than raising the Hci 
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FIG. 2. Hysteresis loops for 2:17 (1) and 1:7 (2) alloy magnets measured 
with a VSM at 500 °C. 
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value. It is therefore predicted that a further increase in MOT 
is possible by either further reducing the ß value or a com- 
bination of lower ß and higher Hci values. 

To understand the mechanism for the lower temperature 
coefficient of coercivity of the 1:7 alloy magnet, we com- 
pared the microstructures of the 2:17 and 1:7 alloy magnets 
in a transmission electron microscope. As shown in Figs. 
4(a) and 4(d), the 1:7 alloy magnet exhibit a somewhat 
smaller cell size (2:17 phase) and thicker cell boundaries (1:5 
phase) than the 2:17 alloy magnet. The former exhibits a 
little Z phase, while the latter exhibits much more Z-phase 
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FIG. 5. Virgin magnetization curves for various sintered SmTM magnets. 

precipitation. This microstructural difference may affect the 
temperature behavior. 

We also compared the magnetization curves of these 
magnets. As shown in Fig. 5, the 2:17 alloy magnet exhibits 
mixed pinning (strong inhomogeneities), while the 1:7 alloy 
magnet exhibits homogeneous wall pinning. While a low co- 
ercivity 2:17 alloy magnet exhibits weak homogeneous wall 
pinning,6 the 1:7 alloy magnet exhibits much stronger wall 
pinning. This may originate from the Cu-enriched micro- 
structural change described above and may therefore be re- 
sponsible for the low temperature coefficient of Hci. 

IV. CONCLUSION 

We have designed a temperature stable SmTM magnet 
having a low temperature coefficient of coercivity ( — ß 
5£0.15%/°C) and a moderately high coercivity (Hci 

~ 20 kOe). A Cu-enriched 1:7 alloy was discovered that ef- 
fectively reduces the ß. High temperature magnetic measure- 
ments reveal that the 2:17 alloy magnet can be used up to 
about 300 °C, while the 1:7 alloy magnet whose — ß is lower 
than 0.15%/°C can be used up to 500 °C. The magnetization 
curve of the 2:17 alloy magnet exhibits mixed pinning, while 
that of the 1:7 alloy magnet exhibits strong homogeneous 
wall pinning. This may be responsible for the low ß and for 
the high temperature stability. 
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Structure and magnetic properties of SmCo7_xZrx alloys (x= 0-0.8) 
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Pennsylvania 15213 

Q. Chen and B. M. Ma 
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The alloys with composition of SmCo7_JtZr,c(jE = 0-0.8) were synthesized and characterized in the 
temperature range of 10-1273 K and at fields up to 5 T. The experimental results show that a small 
amount of Zr substitution can contribute to a stabilization of the TbCu7 structure, and improve 
magneto-anisotropy Ha from 90 kOe for x = 0-180 kOe for x = 0.5 at room temperature, and from 
140 kOe for x = 0-300 kOe for x = 0.5 at 10 K. It is probable that Zr may partly replace a dumbbell 
of Co atom pair in these alloys. The phase transition between CaCu5, TbCu7, Th2Zn17, and Ce2Ni7 

at different heat treatment conditions was also discussed. © 1998 American Institute of Physics. 
[S0021-8979(98)29511-9] 

I. INTRODUCTION 

SmCo7 is a metastable phase at room temperature with 
the TbCu7 structure. The structures of SmCo7 and Sm2Co17 

are both derived from the structure of SmCo5.1,2 The meta- 
stable phase SmCo7 can be obtained by splat cooling,3 

meltspinning,2 or mechanical alloying.4 Some magnetic 
properties have been reported by Saito et al.2 They reported 
that Sm2(Co, Mn)17 with the TbCu7 structure exhibits an an- 
isotropy of 105-140 kOe, which is 1.2-1.4 times larger than 
that of Sm2(Co, Mn)17 with the Th2Zn17 structure. In regard 
to magnet fabrication, it was found that the 1:7 phase plays 
an important role for developing the cellular structure and 
the high coercivity in 2:17-type magnets.5'6 Interestingly, in 
1982, Strnat et al. observed that the Sm(Co, Fe, Cu, ZT)1+X 

magnets with x = 0 exhibited less temperature dependence of 
coercivity than that of magnets with x>0.7 

Currently there is an intense search to find new magnets 
or to improve existing magnets specifically for high tempera- 
ture application. A systematic study of the SmCo7 system 
will be of use in this regard. In order to stabilize this meta- 
stable phase and increase its anisotropy, third element doping 
is needed. Zr will be the first candidate in this regard, since it 
was the most effective element for increase of anisotropy in 
R2Co17 systems.9 In the present study, the alloys with a com- 
position of SmCo7_^Zr^ (x = 0-0.8) were synthesized and 
characterized in the temperature range 10-1273 K and at 
fields up to 5 T. The structure, magnetic properties, and some 
phase transformations during heat treatment are reported. 

II. EXPERIMENT 

Alloys were prepared by arc melting under argon atmo- 
sphere. Some of the alloys were then annealed for 72-96 h at 
various temperatures (600-1100 °C), followed by a water 
quench. X-ray diffraction (XRD) with Cu radiation, optical 
microscopy, and scanning electron microscopy (SEM) were 
used to determine the crystal structure, lattice parameters, 
and phases present. Magnetic properties (M, He, Ha and 
Tc) were measured in the temperature range of 10-1273 K 

and at fields up to 5 T, by using a vibrating sample magne- 
tometer (VSM) and a superconducting quantum interference 
device (SQUID) magnetometer. The measured samples were 
in the forms of chunk, loose or aligned powder (=S38 /im). 
The anisotropy field (Ha) was determined by measuring the 
easy and hard axis magnetization on powder aligned in a 
field of 1.6 T and fixed in a epoxy. 

III. RESULTS AND DISCUSSION 

A. Structure information of as-cast alloys 

Information in regard to the structure and phases present 
is shown in Figs. 1-3 and Table I. 

It was found that the crystal structures of as-cast alloys 
SmCo7_^Zr^ vary significantly with Zr content, x. As shown 
in Fig. 1, a typical superlattice line for the Th2Zn17 structure, 
015 and 204, disappears when x^0.2. This indicates that the 
structure of the main phase changes from rhombohedral 
(Th2Zn17-type) (x = 0) to hexagonal (TbCu7-type) when x 
3= 0.2. This is also evident from the XRD of aligned samples 
and a thermomagnetic analysis (TMA). As shown in Fig. 2, 
the sample with x = 0 shows two Curie temperatures, Tcl 

-920 °C for the 2:17 phase and 7/c2~780°C for the 1:7 

(1-7W2-17) 

JL_ 
(1-7) 

(1-7) 
JL_ 

(1-7M2-7) 
JLX. JL. x = 0.4 

(1-7W2-7) 

i *,    F   ifi    A ■ JL x = 0.5 

20      25      30      352Q40      45      50      55      60 

FIG. 1. XRD of SmCo7_Ä as-cast alloys (* = 0-0.8). 
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200      300      400      50^     600      700      800      900      1000 

FIG. 2. M vs T of SmCov-Ä as-cast alloys (H=500 Oe). 

phase. For x = 0.2, it shows one 7c —760° C for the 1:7 
phase (some phase transformations occur above 750 °C, 
which will be discussed later). The sample with x = 0.2 is 
nearly a single phase, which was also confirmed by a micro- 
structure examination (SEM). As shown in Fig. 3, its com- 
position was detected to be Sm~12.5, Co~85, 
Zr~2.5(at. %) for the main phase (in gray domain), which is 
very close to Sm (Co,Zr7) and Sm~12.7, Co-84.4, 
Zr~2.9(at. %) for the minor phase (in white boundary part). 
Clearly, Zr stabilizes the hexagonal structure. The lattice pa- 
rameters c and cla decrease as x increases. This can be 
ascribed to a substitution of Zr for Co dumbbells. When the 
Zr content exceeds 0.4, the XRD intensity of line 101 de- 
creases and some other extra lines, which do not belong to 
the 1:7 phase, appear. The two Tc is detected by TMA, 
7:c2~(730-750oC) for the 1:7 phase and Tci 

— (430-450 °C) for the other magnetic phase. Perhaps, this 
lower Tc phase is an R-rich phase with the hexagonal Ce2Ni7 

structure or a 1:3 phase. It is to be noted that the above 

TABLE I. Phases 
loys (x = 0-0.8). 

present and crysta structure of SmCo7 -XZTX as-cast al- 

Phases a (A) c(A) cla Tc (°C) 

X (main) (minor) (for 1:7) TC1 Tc2 Tci 

0 2:17a 1:7 4.856 4.081 0.84 920 -780 
0.1 1:7 2:17 4.869 4.079 0.84 905 -770 
0.2 l:7b 4.916 4.049 0.83 -762 
0.3 1:7 4.923 4.035 0.82 -760 
0.4 1:7 2:7C 4.932 4.040 0.82 -752 -439 
0.5 (1:7) + (2- -7) 4.947 4.025 0.81 -736 -428 
0.8 (1:7) + (2- -7) + ? -420 

aTh2Zn17-type structure. 
bTbCu7 structure. 
cCe2Ni7-type structure or other R-rich R-Co phases. 

information about the phases present in SmCo7_xZrx as-cast 
alloys match nicely with the the phase diagram of Derkaui 
et al. of the Sm-Co-Zr system at 1150 °C.8 

B. Magnetic properties of as-cast alloys 

The magnetic properties Ms, He, Ha, and Tc are given 
in Figs. 4 and 5. Figure 4 shows the hysteresis loops of loose 
powder samples with x = 0, 0.25, and 0.5 at room tempera- 
ture. The MrIM and coercivity increase substantially with 
increase of Zr content. The former may relate to a strength- 
ened interaction between the magnetic particles and the latter 
should be ascribed to strengthening magnetocrystalline an- 
isotropy fields Ha. As seen in Fig. 5, the Ha increases from 
90 kOe (x = 0) to 160 kOe for x = 0.25 at room temperature 
and from 140 kOe (x = 0) to 230 kOe for x = 0.25 at 10 K. A 
decrease of M is reasonable, due to an increase in the 
amount of nonmagnetic element Zr. The He and Ha of the 
SmCo7_i:Zrj: compounds increase significantly by an in- 
crease of the Zr content. This behavior is very similar to that 

120 

*> 60 

1 
© 

0 

-60 

!  \/f~ I: _ 
X=0! if     Mr/M -0.45 

- i  
/ /        M~ 105 emu/g 

?&\         Hc~9Ö0Oe 

-20      -15      -10       -5    „ 0.. _ . 5 
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Mr/M-0.87 
M~70 emu/g 
Hcr3.3 kOe 

FIG. 3. Microstructure of SmCo68Zr02 as-cast alloy. 
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FIG. 4. M-H loops of SmCo-^Zr, as-cast alloys (RT) in loose powder. 
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FIG. 5. M, He, Ha, and Tc vs x (Zr content). 

of substitution of Co by Mn or Zr in Sm2(Co, Mn)17
2 or 

Sm2(Co, Zr)17 systems.9 Deportes et al.10 have pointed out 
that the Co anisotropy in RCo5 systems comes primarily 
from the 2c sites. When the Co dumbbells are inserted in 
place of R, the environment changes in such a way as to 
reduce the Co anisotropy and also that of the compound. 
When Zr replaces the dumbbells, the lost anisotropy is re- 
stored. 

Information about the Curie temperatures of 
SmCo7_^Zrx (Tc vs Zr content) is given in Fig. 5. As men- 
tioned before, for x = 0, two Tc, Tel — 920 °C for Sm2Co17 

phase and rc2~780 °C for SmCo7 phase are observed. As 
x>0, i.e., Zr doping, the amount of 1:7 phase increases and 
the 2:17 phase decreases and disappears. The Tc2 for 1:7 
phase slightly decreases with increasing Zr content x from 
780 °C forx=0 to -730 °C for x = 0.5. The decrease of Tc2 

is not as rapid as that in the case of Sm2(Co, Zr)17 system.9 

For xS=0.4, another magnetic phase, with Tc3 

= 430-450 °C, was detected. As mentioned before, this 
lower Tc, but high Ha phase may belong to 
(Sm, Zr)2(Co, Zr7) phase. Further investigations are con- 
tinuing. 

loooc      s     s 

SAA* IMi 
#(2-17) 

(1-7) 

850 C              j~\ ^\ 
800~>400C   >^ >A 
750 c         ys. Av 
600C                I Jl (1-7) 

cast               21 _Jl_ (1-7) 

30 34 46 50 

FIG. 6. XRD of aligned powders (H~1.6 T) of annealed SmCo68Zr02 

alloys. 

200      300      400      500      6O0      700      800      900     1000 

TCC) 

FIG. 7. M vs T of annealed SmCo(, 8Zr02 alloys. 

C. Information about the phase transformation 

Figure 6 shows the XRD of aligned powder (H 
— 1.6T) of annealed SmCo68Zr02 alloys. Two strengthened 
lines, 110 and 200, which belong to the 1:7 phase, begin to 
broaden after annealing above 750 °C, and the 1:7 phase 
begins to decompose. When the annealing temperature in- 
creased to 1000 °C, two other strengthened lines, 300 and 
220, which belong to the 2:17 phase, are clearly showing up 
nd the 2:17 phase precipitates out. The above phase transfor- 
mation was also observed by TMA measurement as seen in 
Fig. 7. The Tc for the 1:7 phase varies slightly at different 
annealing temperatures, which may be associated with a shift 
in composition. It was found that He (loose powder) at room 
temperature increases from 1.5 kOe for the as-cast sample, to 
2.5 kOe when the sample was heated at 800 °C followed by 
a slow cooling to 400 °C and decreases to 1.1 kOe after 
annealing at 1000 °C. The increase of He may be related to 
precipitation of a strong anisotropy 2:7 phase, as seen in Fig. 
7. The decrease of He can be ascribed to the formation of a 
weak anisotropy 2:17 phase. Similar behavior was also ob- 
served in the other alloys (x — 0 — 0.5). Further studies about 
the effects of heat treatment on magnetic properties are in 
process. 
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Coercivity calculation of Sm2(Co,Fe,Cu,Zr)17 magnets 
M. Katter 
Vacuumschmelze, Grüner Weg 37, D-63450 Hanau, Germany 

The coercivity of Sm2(Co,Fe,Cu,Zr)17 is calculated on the basis of a two dimensional model. To find 
local minima of the sum of the domain wall energy and the magnetostatic energy, the domain wall 
is divided into 1 nm long segments which are allowed to fluctuate randomly. With increasing field 
strength the domain wall is heavily bowed, forming the well known zig-zag domains. At higher 
field strengths, the domain wall is depinned first, from the edges of the 2/17 cells and later, from the 
intersection lines of the Z phase with the 1/5 boundary phase. For these two sites, the widths and the 
heights of the energy barriers for the movement of the domain walls are calculated in dependence 
of the applied magnetic field and compared with the thermal activation energy. As a result, the 
stronger pinning site is stable up to a local field strength of about 40 kA/cm. Since the domain wall 
generates a demagnetizing field of about 11 kA/cm at the critical position, the coercivity correlated 
to the stronger pinning site is reduced to 29 kA/cm at room temperature. © 1998 American 
Institute of Physics. [S0021-8979(98)41911-X] 

I. INTRODUCTION 

The microstructure of fully heat treated 
Sm2(Co,Fe,Cu,Zr)17 magnets consists of rhombohedral 
Sm2(Co,Fe)i7 (2/17 phase) cells with a diameter of about 100 
nm. These cells are surrounded by the Cu-rich cell boundary 
phase Sm(Co,Cu)5. Additionally, in magnets with high coer- 
civity there appears a Zr-rich platelet phase (Z-phase) which 
is precipitated perpendicular to the c-axis. ' 

It is well established that the coercivity mechanism of 
such magnet's is of the pinning type. In the past it has been 
assumed that the domain walls are pinned at the Cu-rich 
boundary phase.3 In order to explain the fact that magnets 
with Zr show an about three times larger coercivity than 
magnets without Zr, a new model for the coercivity mecha- 
nism of Sm2(Co,Fe,Cu,Zr)17 magnets has been proposed 
recently.4 According to this model, the domain walls are 
pinned at two different pinning sites: in low magnetic fields 
at the edges of the 2/17 cells and in higher magnetic fields at 
the intersection lines between the Z phase and the Cu-rich 
boundary phase. This model was supported by the observa- 
tion that in Sm2(Co,Fe,Cu,Zr)17 magnets with high coercivity 
there exist two distinct demagnetization processes which 
show different temperature dependences. 

So far, this model could only explain that there exist two 
different pinning sites and that the second one is about 2-3 
times stronger than the first one. Assuming plain domain 
walls, the absolute coercivity was calculated to be only 
about 1 kA/cm which is more than 10 times smaller than 
the experimental values.6 To overcome this problem, it is 
the aim of this paper to calculate the coercivity of 
Sm2(Co,Fe,Cu,Zr)17 magnets in detail, including the effect of 
domain wall curvatures and thermal activations. 

II. SIMULATION OF DOMAIN WALL MOVEMENT 

In a magnetic field, H, a domain wall in 
Sm2(Co,Fe,Cu,Zr)17 magnets will move and deform to in- 
crease the volume fraction where the magnetization is paral- 

lel to the applied magnetic field. The final shape and position 
is determined by local minima of the sum of the magneto- 
static energy and the domain wall energy. 

For the present calculation, the cellular microstructure of 
Sm2(Co,Fe,Cu,Zr)17 magnets is approximated by a two di- 
mensional model, see Figs. 1 and 2.4 Following parameters 
are used: length of the rhombohedral 2/17 cells, L 
= 100nm; thickness of the 1/5 boundary phase, d = 5nm; 
inclination angle of the 1/5 phase, a = 60°, radius at the 
edges of the 2/17 cell, r=l nm; thickness of the Z-phase 
platelets, z = 3 nm; saturation polarization, Js, and domain 
wall energy, y, of the phases, 7s2/17= 1,3 T, yvll 

= 35mJ/m2, /,il/5= 1,1 T, y1/5 = 58 mJ/m2, /„=0,5T, yz 

= 11 mJ/m2. The model is set to be periodic parallel to the c 
axis with a periodicity of L. 

First it is assumed that without applied field, a plain 
domain wall crosses the 1/5 boundary phase at the edges of 
the 2/17 cells. For this configuration the magnetostatic en- 
ergy is zero and the domain wall energy is easily calculated 

to be (l2my2m+hi5yi/5+lzyz)lm/L> where hn> ;i/5> and 
lz are the lengths of the domain wall in the 2/17, 1/5, and Z 
phase. The factor 1 mIL is a result of the periodicity of the 
model. In order to find the local energy minima for an ap- 
plied magnetic field, the domain wall is devided into short 1 
nm long segments which are allowed to fluctuate randomly. 
After each fluctuation the total energy is calculated by sum- 
ming up all contributions of the single segments to the do- 
main wall energy and the magnetostatic energy 

^total-2   [^2/1772/17+ hl5j\l5+hJz^'1H{Js,2ma2in 

+ Js,l/5ai/5 + Js,zaz)'\lm/L- (!) 

Here a2/n, al/5 and az are the areas of the 2/17, 1/5, and Z 
phase which have been reversed by the movement of the 
wall compared to the position at H = 0. Due to the two di- 
mensional model, the unit of £total is J/m. If this new total 
energy is lower than the former value then it is taken as 
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H = 0 4 kA/cm 

FIG. 1. Shape and position of domain walls in Sm2(Co,Fe,Cu,Zr)i7 magnets 
for various magnetic field strengths. 

starting point for the next iteration. This procedure simulates 
the effect of the thermal fluctuations in magnets. 

For the calculation shown in Fig. 1, wedge-shaped fluc- 
tuation volumes were chosen. The length of the wedges were 
varyied randomly between 0 and 10 nm, the width varyied 
from 0 to 2 nm and the position was also determined ran- 
domly. The applied magnetic field strength was increased in 
steps of 0.8 kA/cm and at every new field value, 2000 itera- 
tions were tried to find the new equilibrium. 

With increasing magnetic field strength the wall bows 
out in the 2/17 phase quickly and is pressed towards the 1/5 
boundary phase. Already at a field strength of about 4 kA/ 
cm, the wall forms the well known zig-zag domains.7'8 Ad- 
ditionally, the wall is bowed a little bit in the 1/5 phase too, 
but it is pinned at the edges of the 2/17 cell. At a field 
strength of 12 kA/cm, the wall is bowed so strong that it 
reaches the neighboring 2/17 cell. The wall is depinned and 
moves up to the next 1/5 boundary. The intermediate posi- 
tions for 12.8 and 13.6 kA/cm are only a result of the limited 
number of 2000 iterations per field value. In this state, be- 
cause of the low domain wall energy of the Z phase, the 
domain wall preferably follows the Z phase forming domain 
walls which are almost perpendicular to the c axis. Such wall 
segments have been recently observed by high resolution 
Focault mode Lorentz microscopy.8 For field strengths up to 
28 kA/cm, the domain wall is still pinned at the intersection 
line of the Z phase with the 1/5 boundary phase. At this field 
strength the domain wall is depinned from the second pin- 
ning center and the magnet will be completely reversed. 

III. ENERGY BARRIERS 

In order to be depinned from one of the two pinning 
sites, the domain wall must overcome an energy barrier. The 
field dependence of the height and the width of these energy 
barriers will be calculated below. 

(a) (b) 

FIG. 2. Geometry of the two pinning sites in Sm2(Co,Fe,Cu,Zr)17 magnets. 
The domain wall is marked by the thick line. 

For the first pinning site at the edges of the 2/17 cell it is 
assumed, that in the 2/17 cell the domain wall follows the 
phase boundary to the 1/5 phase, see Fig. 2(a). The section 
through the 1/5 phase is approximated by an arc segment 
which intersects the border to the 2/17 phase at an angle ß. 
In the center, the wall deviates by a distance x. For the 
second pinning site, it is assumed that a straight segment of 
the domain wall intersects the 1/5 phase at an angle 8, see 
Fig. 2(b). The width of the cut triangle is y. For the Z phase 
it is assumed that the domain wall is perpendicular to the c 
axis. 

The total energy is calculated in dependence of the mag- 
netic field strength and the parameters, x and ß for the first 
pinning site, or y and 8 for the second pinning site, respec- 
tively. The energy is set to zero for the starting positions x 
= 0, ß = 0 ory = 0, 8=0. 

Figure 3 shows an example for the second pinning site, 
calculated for a magnetic field strength of 16 kA/cm. For 8 
= 0, the total energy initially increases with increasing y and 
reaches at y = 3.5 nm a maximum of about 3.5X 10~" J/m. 
This maximum is a little bit lower for an angle 8 of about 
20°. So the actual energy barrier for this pinning site has a 

a> 

0    1 23456789  10 
y(nm) 

8(°) 

FIG. 3. Total energy for the pinning site at the intersection line of the Z 
phase and the 1/5 boundary phase in dependence of the displacement, y, and 
the inclination, S, of the domain wall. 
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FIG. 4. Field dependence of the width and the height of the energy barriers 
for various pinning sites in Sm2(Co,Fe,Cu,Zr)17 magnets. 

width of about 3.5 nm and a height of slightly above 2 
X 10~u J/m for an applied magnetic field strength of 16 kA7 
cm. 

Similar calculations were performed for the first pinning 
site. In this case the width of the energy barrier is determined 
by the distance between the domain wall and the neighbour- 
ing 2/17 cell, Ax, see Fig. 2(a). Hence, the height of the 
energy barrier is correlated to the total energy at the position 
where the domain wall reaches the neighbouring cell. 

The result of these calculations are shown in Fig. 4. With 
increasing magnetic field strength both the width and the 
height of the energy barrier decrease. For the first pinning 
site, the energy barrier cannot be wider than 3 nm, even for 
sharp edges. If the edges have a radius of 1 or 2 nm then the 
width and also the height of the energy barrier is strongly 
reduced. Depending on this radius, the energy barrier van- 
ishes between about 8 and 17 kA/cm. 

The situation is different for the second pinning site. 
Here the width and the size of the energy barrier decrease 
slower with increasing magnetic field strength. In particular, 
at a magnetic field strength of 40 kA/cm, the width of the 
energy barrier is still 1.2 nm and its height is about 
1X10"11 J/m. 

IV. THERMAL ACTIVATION AND COERCIVITY 

The energy necessary to overcome the energy barriers is 
usually provided by the thermal activation. The thermal ac- 
tivation energy for magnetization states is about 
A£th=25kT.9 For 300 K this results in A^IXIO-19 J. 
This energy is large enough to depinn the domain wall at a 
length of 10 nm if the energy barrier is 1X 10~n J/m. It is 
assumed that 10 nm is just the length which is necessary to 
form a stable depinning nucleus. If such a nucleus is once 
formed then it will expand over the whole length of the 
pinning site and the domain wall is completely depinned. 

Taking 1X 10~n J/m as the minimum necessary energy 
barrier, it turns out that the pinning site at the intersection 
line of the Z phase and the 1/5 boundary phase is stable up to 
a local magnetic field strength of 40 kA/cm. The weaker 
pinning site at the edges of the 2/17 cell is only stable up to 
15 kA/cm. If the edges of the 2/17 cell are not sharp, this 
limit is further reduced, see Fig. 4. 

So far the magnetic dipolar interaction has not been 
taken into account. Therefore, the local magnetic field 
strengths calculated must be corrected by the demagnetizing 
field which is generated by the domain wall itself. These 
demagnetizing fields were calculated by summing up the 
contributions from each wall segment. Due to the favorable 
geometry, for the weaker pinning site at the edges of the 2/17 
cell the demagnetizing fields almost cancel. Hence the criti- 
cal fields calculated above are almost identical to the coer- 
civities. 

For the stronger pinning site, the demagnetizing field at 
the critical position is calculated to be about 11 kA/cm. This 
field strength has to be added to the applied magnetic field. 
Hence the coercivity of the stronger pinning site in 
Sm2(Co,Fe,Cu,Zr)17 magnets is reduced to about 29 kA/cm 
and determines the coercivity of the magnet. 
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Finite-temperature behavior of anisotropic two-sublattice magnets 
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The finite-temperature magnetism of rare-earth transition-metal intermetallics is investigated by 
extending the «-component vector spin model to two-sublattice magnets. Mean-field analysis shows 
that the influence of the rare-earth anisotropy on the mean-field Curie temperature is much smaller 
than expected from the low-temperature rare-earth anisotropy. The use of ultraspherical polynomials 
yields a generalization of the famous m(m+l)/2 power-law exponent to m(m + n — 2)/(n— 1). 
© 1998 American Institute of Physics. [S0021-8979(98)48811-X] 

I. INTRODUCTION 

Two-sublattice ferro- and ferrimagnets such as 
Nd2Fe14B, Dy3Fe50i2, and SmCo5 are physically interesting 
and technologically important materials.1"4 A particular fea- 
ture of these materials is that their two-sublattice character is 
associated with nonequivalent crystallographic sites.5"7 This 
has to be contrasted to antiferromagnets having equivalent 
sublattices.8'9 For example, the square-lattice Ising antiferro- 
magnet can be mapped onto the square-lattice Ising ferro- 
magnet by simultaneously changing the sign of the exchange 
and reversing the spins of one sublattice.10 

Rare-earth transition-metal compounds consist of 
transition-metal and rare-earth sublattices coupled by a com- 
paratively weak intersublattice interaction.3'11 For the late 
iron-series elements the intersublattice exchange between 
rare-earth and transition-metal spins is antiferromagnetic" so 
that, according to Hund's rules, light and heavy rare earths 
yield ferromagnetic and antiferromagnetic intersublattice 
coupling, respectively. 

Atomic anisotropy energies are small, typically of order 
EalkBT^\ K, but due to interatomic exchange their influ- 
ence on the magnetic properties is not restricted to low tem- 
peratures. Note that the theoretical description of the finite- 
temperature anisotropy of itinerant electrons is still in its 
initial stage, whereas the Heisenberg-type magnetism of lo- 
calized electrons is comparatively well understood. Here we 
use a generalized n -vector model to investigate anisotropic 
two-sublattice magnets. Emphasis is put on two questions: (i) 
the effect the two-sublattice anisotropy on the Curie tem- 
perature, and (ii) the finite-temperature behavior of the net 
anisotropy. 

To generalize the n -vector model we have to introduce 
separate transition-metal and rare-earth sublattice magnetiza- 
tions s and S, respectively, so that s2 = 1 and S2 = 1. The 
spontaneous sublattice magnetizations are then given by 
MsT=sM0T and MxR=SM0R, where the index 0 refers to 
the zero-temperature moment. Let us, for the moment, con- 
sider the mean-field Hamiltonian 

.%?=-JTTsz(sz)-JRTSz(sz)-JTRsz(Sz) 

-JRRSz(Sz)-KTsl-KRS2
z. (1) 

For the materials of interest, the transition-metal intrasublat- 
tice coupling JTT dominates the intersublattice exchange de- 
scribed by JRT and JTR, whereas the rare-earth intrasublat- 
tice exchange JRR is negligibly small. KT and KR are the 
lowest-order uniaxial transition-metal and rare-earth sublat- 
tice anisotropy constants, respectively, and refer to the mag- 
netic energy per atom. Due to the pronounced rare-earth 
spin-orbit coupling, KR>KT for typical magnets. An excep- 
tion are rare earths whose 4/ electron cloud is spherical, 
such as gadolinium. Note that putting JRT=JTR = KR = 0 and 
KT=KR = 0 yields, for n = 3, the well-investigated limits of 
the anisotropic one-sublattice14 and isotropic 
two-sublattice6'7 Heisenberg models, respectively. 

The equilibrium behavior of the model Eq. (1) is given 
by the partition function 

Z= 
/' 

exp(-.mkBT)dsdS. (2) 

Here, the dash indicates that the conditions s2 = 1 and S2 

= 1 restrict the integration to the surfaces of «-dimensional 
spheres. The thermally averaged sublattice magnetizations 

II. MODEL AND CALCULATION 

The «-component vector-spin or n-vector model (Fig. 1) 
is defined in terms of quasiclassical local magnetization vec- 

.2-„2 2_ i 9,12 . tors obeying s =sr-\ \~sn=l. '    This definition includes 
the Ising model (n= 1, so that s=sez), the planar model (« 
= 2, s=syey + szez), the classical Heisenberg model (« = 3, 
s=sxex + syey + szez), and the spherical model (n = °°). The 
« = 0 model is known as the polymer model.13 The n -vector 
model is widely used to study finite-temperature 
magnetism.9'12 For example, the critical exponents of the 
spherical model are known exactly.9 

n= 1     n = 2 

(a)        (b) (c) 

n = 3 

(d) 

FIG. 1. Spin configurations: (a) 7 = 5/2 Heisenberg model, (b) Ising model, 
(c) planar model, and (d) classical Heisenberg model. 
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'plateau' region 

i 
Kj dominates 

critical 
behaviour 

I 

0 TRT 

FIG. 2. Temperature dependence of magnetocrystalline anisotropy if both 

KT and KR are positive (schematic). 

B. Anisotropy 

Figure 2 gives a schematic idea of the temperature de- 
pendence of the total anisotropy. Here we neglect the low- 
temperature and critical limits (dashed lines) and focus on 
the intermediate regimes T<TRT and TRT<T<TC. In the 
classical Heisenberg model, the temperature dependence of 
mth-order anisotropy contributions is proportional to the 
thermal average of the Legendre polynomials (Pm(Sz))0, 
where the index 0 refers to the isotropic Hamiltonian.14 For 
the n -vector model we have to use ultraspherical polynomi- 
als P^'(x).    The first ultraspherical polynomials are P, 
= l,P 

0(n) 

If")" 

2(«)" 

--x, 

n-\ 
(nx2-l), (6a) 

MsT(sz) and MsR(Sz) and anisotropies KT(s2) and KR(S2
Z) 

are obtained by direct integration or, more conveniently, by 
differentiating Eq. (2) with respect to (sz) and (Sz). The 
resulting self-consistent equations are, in general, coupled 
and nonlinear. Mathematically, the calculation involves sur- 
face averages such as (zm)0-f'z

mdx/fdx. In particular, 
(z2}0=l/w and(z4)0=3/n(« + 2). 

A. Curie temperature 

In the vicinity of the Curie temperature it is possible to 
expand Z into powers of the small quantities (sz) and (Sz). 
As in the case of isotropic two-sublattice magnets,6'7 the de- 
termination of the Curie temperature reduces to the calcula- 
tion and diagonalization of a 2 X 2 secular matrix equation. 
In the present case, 

(Sz) ART    ARR 

{sz) 
(sz)!' (3) 

where 

Alk=(Jik/nkBT){l+[2(n-l)Ki]/[n(n + 2)kBT]}.  (4) 

Neglecting JRR and taking into account the smallness of 
JRT, KT, and KR, we obtain by eigenvalue analysis 

Tc = TT+T2
RT/TT+{2(n- 1 )/[n(n + 2)kB]}(KT 

+ KRTRT/TT), (5) 

where TT=JTT/nkB and TRT— v7Ä7J7'Ä/n2A;B. 
The first two terms on the right-hand side of Eq. (5) are 

well known and describe the isotropic transition-metal and 
rare-earth contributions to the Curie temperature, 
respectively.3'7 The third term on the right-hand side of Eq. 
(5) is the anisotropy contribution to Tc. We see that the 
influence of the rare-earth anisotropy is smaller than ex- 
pected from the value of KR by a factor TRT/TT, that is of 
order 0.05 for iron-rich rare-earth intermetallics. 

Note that the anisotropy of the ideally anisotropic Ising 
model (n— 1) does not contribute to the Curie temperature, 
but from the leading term TT=JTT/nkB we see that the Ising 
Curie temperature is about three times larger than the 
Heisenberg Curie temperature. 

p3(«)-; ■1 
[(n + 2)x3-3x], (6b) 

and 

P4(n)-- 1 
[(n + 2)(n + 4)x4-6{n + 2)x2-l].   (6c) 

For n = 2, the ultraspherical polynomials are also known as 
Tchebicheff polynomials. 

At low temperatures, the magnetization dependence of 
the Heisenberg anisotropy constants Km/2 is given by the 
famous power-law K(T)/K(0) = (Ms/M0)m(m+l)'2 (Ref. 
14). For example, K1(T)/Kl(0) = (Ms/M0)3. Let us now 
generalize this power law to arbitrary spin dimensionalities, 
which is of some interest because statistical considerations 
often simplify in the limit of large spin dimensionalities. The 
starting point is the "low-temperature" expression 
/' exp(z/t)zmdx=l—m(n—l)t/2. By expressing the ultra- 
spherical polynomials in terms of hypergeometric 
functions,15 we find after short calculation 

Kl(T)/Kl(0) = (Ms/M0) m(m + n-2)/(n-l) (7) 

Note that the exponent in this equation equals m in the 
spherical model and 2nl(n— 1) for the lowest-order anisot- 
ropy constant (m = 2). 

Equation (7) is restricted to one-sublattice magnets, but 
at very low temperatures T<TRT it remains valid if Ms and 
M0 refer to the rare-earth sublattice magnetization. In the 
practically important intermediate region TRT< T< Tc, one 
has to consider the rare-earth sublattice in the exchange field 
of the transition-metal sublattice,3'17 which yields the ap- 
proximate \ITA power-law 

KR(T) JRf 

KR(0)^ n(n + 2)k2
BT

2' ® 

This prediction agrees fairly well with numerical studies on a 
quantum-mechanical single-ion model16 and the estimate A 
= 1.7 ±0.4 deduced from literature data on Sm2Fe17NA. and 
Sm2Fe]7C^.4 

C. Transition-metal sublattice 

The itinerant character of the 3d electrons means that 
not only the spontaneous magnetization but also the mag- 
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netic moment are temperature dependent.17"19 However, in 
most cases the thermal reduction of the magnetic moment 
does not exceed a few percent so that its neglect is a fair 
assumption.17"19 As a very crude approximation, we consider 
the mean-field Hamiltonian 

3?=-JTTsz(sz)-KTs2
z-U0s

2, (9) 

where n — 3 and s2=£ 1 and the parameter U0^I- l/D(EF) is 
a Stoner-type single-site energy.19 Typically, U0>J>KT, so 
that in lowest-order Tc = TT(l+4KTn5kBTT-2TT/U0). 
The reduction of Tc is small in the region where Eq. (9) 
applies, but may nevertheless be larger than the K{ contribu- 
tions discussed in this paper. 

In lowest order, the transition-metal anisotropy is given 
by the linear relation14 

K(T) = K(0)(l-T/Tc). (10) 

Note that this temperature dependence is even simpler than 
that of the spontaneous magnetization, which exhibits an im- 
plicit dependence on the Langevin function. 

III. DISCUSSION AND CONCLUSIONS 

The ultimate reason for the weak KR dependence in Eq. 
(5) is that the two sublattices are largely decoupled above 
TRT. In the vicinity of Tc, the sublattice magnetizations are 
given by the eigenmode 

(11) 

showing that the mean-field magnetization near Tc is domi- 
nated by the transition-metal sublattice. Of course, the mean- 
field approximation is incorrect in the vicinity Of Tc.

10 How- 
ever, the thermal sublattice decoupling is a mean-field effect 
starting far below Tc and being most pronounced at high 
temperatures. As a consequence, even for KT=0 the rare- 
earth critical behavior is difficult to observe. 

The key advantage of the n -vector model, namely its 
transparent physical meaning, is paid by an incorrect descrip- 
tion of quantum-mechanical spin excitations. In particular, 
the classical «-vector model neglects the nonzero energy 
spacing between the quantum levels [Fig. 1(a)] and does 
not work very well at low temperatures (the "plateau" 
region in Fig. 2).16 Furthermore, Eq. (1) neglects exchange 

anisotropy20 and magnetostatic dipole interactions. For this 
reason, our predictions are only semiquantitative. 

In conclusion, we have analyzed the finite-temperature 
behavior of a generalized n-vector model. The influence of 
transition-metal and rare-earth anisotropies on the Curie tem- 
perature is treated in a mean-field approximation. Due to the 
weakness of the intersublattice coupling, the anisotropy con- 
tribution to the Curie temperature is determined by the 
transition-metal sublattice. The temperature dependence of 
the anisotropy may be approximated by a hierarchy of power 
laws. 
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Magnetic properties of DyCo10V2 
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Van der Waals-Zeeman Institute, University of Amsterdam, Valkenierstraat 65, 
1108 XE Amsterdam, The Netherlands 

The easy magnetization direction of DyCo10V2 is parallel to the c axis at room temperature. The 
magnetization hysteresis loops of magnetically aligned samples were measured from 5 to 300 K 
with fields applied parallel and perpendicular to the alignment direction. For samples field-cooled to 
below the compensation temperatures, shifts of the loop centers into the range of negative 
magnetizations were observed. These features and the occurrence of negative remanences are 
explained in terms of the magnetization reversal when passing the compensation temperature upon 
cooling. From measurements of the temperature dependence of the magnetization, it was derived 
that a spin-reorientation transition takes place at about TSR=41 K. © 1998 American Institute of 
Physics. [S0021-8979(98)35411-0] 

I. INTRODUCTION 

The RCo10V2 compounds have the tetragonal ThMn12 

structure and it was shown by neutron diffraction that the V 
atoms occupy almost exclusively the 8/ site, leaving only 
small occupancies for the 8/ and 87 sites.1 Magnetic mea- 
surements have shown that the Curie temperatures are well 
above 400 K and that the atomic Co moments in these com- 
pounds are about 0.8 /J,B.

2
 The Co-sublattice anisotropy fa- 

vors an easy magnetization direction perpendicular to the c 
axis.3 Depending on the nature of the rare-earth component 
and the concomitant second order Stevens factor, the rare- 
earth sublattice anisotropy may favor an easy magnetization 
direction parallel to the c axis at low temperatures and lead 
to a spin-reorientation transition in the low-temperature 
range. Such behavior is expected for the compound 
DyCo10V2. In addition, due to the ferrimagnetic coupling 
between the Dy and Co moments, the magnetization reversal 
process is expected to be different in the temperature ranges 
above and below the compensation temperature. For this rea- 
son, we have studied the magnetic properties of this com- 
pound in more detail, including hysteresis loops at different 
temperatures. 

III. RESULTS AND DISCUSSION 

From x-ray diffraction made on a magnetically aligned 
powder sample of the DyCo10V2 compound, it is derived that 
the easy magnetization direction is parallel to the c axis. The 
x-ray diagram of the aligned sample can be compared in Fig. 
1 with the diagram measured on a powder sample in which 
the particles are oriented at random. 

Measurements of the temperature dependence of the 
magnetization were made in various fields with increasing 
temperature on a piece of bulk material containing a statisti- 
cal distribution of grain orientations. Results are shown in 
Fig. 2. The measurements were made after cooling the 
sample to 5 K in zero field. The minimum in the upper two 
curves at about 120 K corresponds to the compensation tem- 
perature (rcomp). Below this temperature, the magnetization 
is Dy dominated and above this temperature Co dominated. 
This means that the total magnetization, in order to become 
oriented parallel to the field direction, has to revert its direc- 
tion when passing through rcomp. Alternatively, one could 
say that the applied field is parallel to the total magnetization 
below rcomp and antiparallel to it above Tcomp. Because of 
the presence of a large coercivity, the total magnetization is 
not able to revert its direction when the measuring fields are 
too small. This is the case for the lower three curves shown 

II. EXPERIMENT 

The DyCo10V2 compound was prepared by melting sto- 
ichiometric proportions of the constituent metals (purity at 
least 99%) in an argon-arc furnace. Subsequently, the sample 
was wrapped in Ta foil and annealed for three weeks at 
1050 CC in an evacuated quartz tube. After annealing, the 
sample was investigated by x-ray diffraction. Inspection of 
the x-ray diagram showed that a single-phase compound of 
the ThMn12-type structure had formed. 

The field and temperature dependences of the magneti- 
zation of the DyCo10V2 compound were studied by means of 
a SQUID magnetometer. The magnetic isotherms were mea- 
sured on magnetically aligned powders with the measuring 
fields applied parallel and perpendicular to the alignment di- 
rection. 

CO CO w 

Vv 

0 

8 i (a) 

<b> 

40 45 
26(degree) 

FIG. 1. X-ray diagrams of (a) an unaligned sample, and (b) a magnetically 
aligned sample of DyCo10V2. 
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100        200 
T (K) 

300 

FIG. 2. Temperature dependence of the magnetization of a piece of bulk 
material of DyCo10V2, fixed with epoxy, measured in various applied fields 
with increasing temperature from 5 K to room temperature. 

in Fig. 2. We will show below that the coercivity strongly 
decreases with increasing temperature. This means that the 
higher the applied field, the sooner will the total magnetiza- 
tion be able to revert its direction above rcomp. This may 
explain why the sample, when measured with comparatively 
low fields, retains its original magnetization with negative 
values even up to room temperature for B = 0.001 T. 

It can be seen in Fig. 2 that all the curves show a dis- 
continuity at about 41 K. This discontinuity is attributed to a 
spin reorientation. The Co-sublattice anisotropy favors an 
easy magnetization direction perpendicular to the c axis.3 

We have shown above that the easy magnetization direction 
in the DyCo10V2 compound is parallel to the c axis at room 
temperature. This means that the Dy-sublattice anisotropy, 
which depends much stronger on temperature than the Co- 
sublattice anisotropy, has been able to overcompensate the 
Co-sublattice anisotropy already at room temperature. This 
excludes the possibility for a type of spin reorientation that 
might originate from a competition between these two sub- 
lattices below room temperature. Because the Dy-sublattice 
anisotropy is crystal-field induced, anisotropy contributions 
due to higher order crystal-field terms gain in importance 
upon decreasing temperature and may be responsible for the 
spin reorientation at rSR

s=41 K. This spin reorientation may 
lead to an easy-cone configuration, allowing for a small com- 
ponent of the magnetization perpendicular to the c axis. Be- 
cause the anisotropy within the basal plane is commonly 
only very small, this cone configuration leads to a small en- 
hancement of the magnetization for statistically oriented 
grains below TSR. A similar type of spin reorientation tran- 
sition has been observed at cryogenic temperatures, for in- 
stance, in the compound Nd2Fe14B. 

It is well known that the coercivity depends strongly on 
the magnetic anisotropy. The anisotropy field can be ex- 
pressed in terms of the anisotropy constant Kx (neglecting 
higher-order terms for the sake of simplicity) and the satura- 
tion magnetization Ms via the relation HA{T) 
= 2KX(T)IH,QMS(T). This means that the anisotropy field of 
the DyCo10V2 compound will be particularly strong in the 

300 K 
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1    i    I 
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B(T) 

FIG. 3. Coercive behavior of DyCO|0V2 particles, magnetically aligned and 
fixed at room temperature (a) when measured at room temperature, when 
measured after cooling in 5 T to the measuring temperature of (b) 70 K, (c) 
5 K. Coercive behavior of particles magnetically aligned parallel to the c 
direction, fixed with epoxy, and measured with the applied field parallel to 
the alignment direction after cooling in zero field, (d) first to 70 K, (e) then 
to5K. 

low-temperature region, not only because Kx increases 
strongly with decreasing temperature but also because of the 
mutual compensation of the magnetization of the two sublat- 
tices. The room-temperature hysteresis loops for magneti- 
cally aligned powder particles are shown in Fig. 3(a). The 
mutually antiparallel Dy and Co sublattice moments can 
bend towards each other in the applied field when the latter is 
perpendicular to the alignment direction. For this reason, the 
net moment can become higher in comparatively high fields 
than when measurements are made with the field applied 
parallel to the alignment direction. This may explain the 
crossing of the two isotherms shown in Fig. 3(a). 

Measurements of the hysteresis loops at 70 and 5 K are 
shown in Figs. 3(b) and 3(c), respectively. These were ob- 
tained by applying a field of 5 T in the alignment direction 
and, subsequently, cooling the sample to 5 K and/or 70 K in 
the same field. It can be derived from the shape of the loops 
measured at 5 and 70 K that these are minor hysteresis loops. 
When interpreting the results shown in Figs. 3(b) and 3(c) 
one has to bear in mind that the applied field is much higher 
than the coercivity at high temperatures. This means that the 
domain walls are removed from the particles by the applied 
field and that the magnetization of the particles corresponds 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Zhang et al.        6729 

to a location on the upper branch of a hysteresis loop. This 
situation is basically retained when cooling the sample to 
lower temperatures in the presence of the same field. How- 
ever, because the compensation temperature is passed when 
cooling down, the magnetization has changed its direction. 
The applied field is now opposite to the magnetization direc- 
tion. This is the reason why the loops measured in parallel 
direction have their center at negative values of the magne- 
tization. Furthermore, the fact that the remanence is still 
negative makes it clear that fields substantially higher than 5 
T would be required for reaching complete magnetization 
reversal and for reaching the maximum coercivity. In fact, 
for perfectly aligned particles one would have expected a 
magnetization behavior corresponding to the quasilinear be- 
havior when traversing the lower branch rather than upper 
branch of an extremely wide hysteresis loop. However, su- 
perimposed on this quasilinear behavior is probably the loop 
behavior of less well aligned particles. Computer simulations 
and model calculations4'5 have shown that the coercivity can 
become strongly reduced when the particle alignment devi- 
ates from the parallel direction. This is very likely also the 
reason for the comparatively small coercivities found in the 
loops in Figs. 3(b) and 3(c) measured with the field perpen- 
dicular to the alignment direction. Note that the magnetiza- 
tion reversal associated with rcomp should not have any in- 
fluence when the measurements are made perpendicular to 
the magnetization direction, but the less ideal alignment al- 
ready mentioned may shift the centers of these loops some- 
what into the region of negative magnetizations. 

The results displayed in Figs. 3(d) and 3(e) describe ex- 
periments made on samples aligned parallel to the c axis and 
cooled to 70 and 5 K in zero field. At room temperature the 

sample can be regarded as demagnetized, a situation that will 
not have changed much by the small field of 0.04 T used for 
positioning the sample in the magnetometer. The demagne- 
tized state is retained when cooling to 5 and 70 K. Because 
we expect the maximum coercivity to be higher than 5 T, the 
hysteresis loops measured up to the latter field have to be 
regarded as minor loops, which obviously is the case. • 

Finally, we wish to comment on the wasp-tailed shape of 
the various loops shown in Fig. 3. This shape suggests the 
presence of particles having different coercivities. We men- 
tioned already the influence of particle misalignment on the 
loop behavior. However, one has also to take into consider- 
ation that- the particle size is not uniform, and that the 
samples may contain very small particles with single-domain 
character and high coercivities as well as a whole gamut of 
larger sized particles with multidomain character and lower 
coercivities. 
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Marked changes of the main structural and magnetic properties of the RFeuTi phases are induced 
by hydrogen insertion. High field magnetization measurements are reported on magnetically 
oriented ErFenTi and ErFenTiH samples under a field up to 240 kOe (24 T) in the 4.2-300 K 
temperature range. A raise of the Curie temperature and room temperature saturation magnetization 
upon hydrogen insertion is observed. The M(H) curves show a significant susceptibility is observed 
even at room temperature. The magnetic anisotropy constants are determined. Isofield 
magnetization curves reveal broad maxima in the 230 K range which reflect the fast decrease of the 
Er sublattice under high field.   © 1998 American Institute of Physics. [S0021-8979(98)29611-3] 

I. INTRODUCTION 

The seek for permanent magnet materials has led to the 
discovery of compounds of the type RFe12-xM (R=rare 
earth or yttrium and M=transition metal element). These in- 
termetallic compounds stabilize with the ThMn12 structure 
type whose space group is I4/mmm. For selected R or M, 
potentially hard magnetic materials are obtained among 
which one can cite SmFen Ti1"3 and SmFenTiH4'5 where 
insertion of hydrogen induces an enhancement of the mag- 
netic features. RFenTi phases have also attracted much at- 
tention for fundamental research. Many of these RFenTi 
compounds are exhibiting spin reorientation (SR) at low 
temperatures.3'6'7 Till now the RFenTiH phases have been 
less studied, here we focus on the magnetic properties of 
ErFenTi and ErFenTiH. 

The sample preparation and sample analysis have been 
described in Ref. 4. The amount of absorbed hydrogen esti- 
mated by the gravimetric, as well as the volumetric method 
was one H atom per ErFenTi formula unit. This content has 
been confirmed by neutron diffraction. Thermomagnetic 
analysis was performed using a home-made Faraday type 
balance by recording magnetization (M) versus temperature 
(T). High field magnetization measurements have been per- 
formed on both ErFenTi and ErFenTiH in a continuous 
magnetic field up to 240 kOe. Magnetic measurements over 
the temperature range 4.2-300 K were performed using an 
automatic system provided with a cryostat associated with a 
calorimeter and described in Ref. 8. The experimental accu- 
racy on M is estimated to be ±2%. 

No single crystals of the hydrogen containing compound 
were available, thus, in order to work in the same conditions, 
both compounds have been studied on a polycrystalline 
sample. The samples were made from oriented powders with 
a particle size smaller than 25 ^tm. The magnetic field was 
applied either parallel or perpendicular to the alignment di- 
rection. The powder was aligned at room temperature using 

"'Electronic mail: isnard@labs.polycnrs-gre.fr. 

an orientation field of typically 10 kOe and fixed in epoxy 
resin. Magnetization isofield curves have been measured be- 
tween 50 and 300 K in order to obtain the thermal variation 
of the magnetization. The saturation magnetization has been 
obtained from extrapolation of the M(H) curve with H par- 
allel to the alignment direction according to M(//) = Msat 

+ a/H2. The magnetocrystalline anisotropy of uniaxial crys- 
tals is given by Kx sin2 6+K2 sin4 6, where 6 is the angle 
between the easy direction of magnetization and the magne- 
tization (anisotropy constants of higher order than K2 being 
neglected). The anisotropy constants Kj has been deduced 
from the fitting of the magnetization curves: Refs. 9 and 10. 
This approach was successfully used to determine the con- 
stants for the SmFenTi compound,4 leading to values 
equivalent to that obtained from single crystals.11 The analy- 
sis of the x-ray diffraction pattern shows that the I4/mmm 
symmetry is kept after hydrogen insertion. The lattice param- 
eters of the hydride are larger than that of the host alloy. This 
is a rather common features in the rare-earth-iron intermetal- 
lics. The estimated H uptake (1 atom per formula unit) is in 
good agreement with the localization of hydrogen deduced 
from neutron diffraction experiments.12'13 In ErFenTiH, hy- 
drogen atoms are found to be exclusively located in the oc- 
tahedral 2b site. In this site, H atoms are surrounded by two 
erbium atoms and four iron atoms. 

II. RESULTS AND DISCUSSION 

The ordering temperatures are 518 and 574 K for 
ErFenTi and ErFenTiH, respectively. This is clearly evi- 
denced in an enhancement of the exchange interaction and 
has to be related to the unit cell increase mentioned above. 
According to the Neel-Slater curve, in the range of inter- 
atomic distances observed in RFenTi compounds, an in- 
crease of the Fe-Fe interatomic distance produces an en- 
hancement of the Fe-Fe exchange interaction. According to 
x-ray diffractometry performed on magnetically aligned 
powder, both ErFenTi and ErFenTiH compounds exhibit an 
uniaxial easy magnetization at room temperature. This is not 
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FIG. 1. Isothermal magnetization curves at 300 K on oriented ErFenTi up 
to 240 kOe. 

FIG. 2. Isothermal magnetization curves at 300 K on oriented ErFenTiH up 
to 240 kOe. 

that surprising since previous investigations on RFenTi al- 
loys and hydrides R=Y, Lu, and Gd4'5'13 have shown that, in 
this structure, the iron sublattice anisotropy favors an align- 
ment of the magnetic moment along the c axis and that for 
rare earth elements having a positive second order Stevens 
coefficient, a3 (Sm,Er,Tm), the easy axis is also the c axis. 

Nevertheless, a spin reorientation (SR) phenomenon has 
been observed for cooling below room temperature.1'3'14 Nei- 
ther Tm, nor Sm containing compounds are exhibiting such a 
SR, it was thus suggested that in the RFenTi structure the 
first order crystal electric field parameter AI is not sufficient 
to understand the low temperature magnetic features, higher 
order parameters have to be taken into account, in particular 
with different behaviors of comparison with Sm and Tm, one 
may arise from the highest value of the jj Stevens coeffi- 
cient in the case of erbium.15 

This evidenced in the RFenTi families of compounds 
that higher than two order crystal electric field parameters 
have to be taken into consideration to understand the contri- 
bution of the rare earth sublattice to the magnetocrystalline 
anisotropy. This conclusion was also drawn from the analy- 
sis of RFenTi compounds (i.e., Dy).6'15 The magnetization 
curves recorded at room temperature on oriented powder are 
given in Figs. 1 and 2 for ErFenTi and ErFeuTiH, respec- 
tively. Unlike what was measured for other rare earth ele- 
ments, a significant susceptibility is observed for the 
ErFenTi and ErFenTiH even at room temperature and a 
rather high magnetic field. This feature was not pointed out 
by Andreev et al.14 but is also present on their single crystal 
data. The main magnetic features deduced from these curves 
are summarized in Table I. The purity of the sample is con- 
firmed by the magnetization obtained from our sample which 
is very close to the ErFenTi single crystal data.14 Msat is 
found to be slightly higher for the alloy 15.7 /JLBI formula 
unit against 15.0 for the hydride. Since the iron sublattice 
magnetization is  almost unsensitive to  the presence  of 

hydrogen,4'5'13 the observed decrease of the overall magneti- 
zation induced by hydrogen insertion reflects an increase of 
the Er sublattice magnetization at room temperature. 

The anisotropy constants Kt and K2 are in agreement 
with an alignment of the total magnetization along the c axis. 
A slight decrease of the parameter Kx is found after hydro- 
genation. The low temperature magnetization curves (4.2 K) 
are plotted in Fig. 3. Msat is found to be 11.6 fiBl formula for 
ErFenTi; this value agrees with that obtained on a single 
crystal.14 If one subtracts the Fe sublattice magnetization 
(about 17 IABI formula) deduced from the study on LuFenTi 
or YFenTi,12 about 5.4 fiB is obtained for Er. Note that this 
value reflects the projection of the Er magnetization along 
the c axis. It is worth noting that since the Er atoms are 
located on a fourfold axis (position 2a of space group 14/ 
mmm) one may expect four equivalent directions of the Er 
magnetic moment each tilted on a angle 9 with respect to the 
c axis and a pyramidal arrangement seems more probable 
than that of a simple cone as usually proposed. A continuous 
rotation (decrease of the angle 8) has been observed on a 
ErFeuTi single crystal when the temperature increases.14 

The same thing may be expected for the corresponding hy- 
dride, nevertheless the 6 angle can be different from that 

TABLE I. Magnetic features of ErFeHTi and ErFeuTiH. 

Tc 
(K) (fJ-B Ifu) (MJ/m3) 

K2 

(MJ/m3) 

300 K 
ErFe,,Ti 

4.2 K 

300 K 
ErFe,,TiH 

4.2 K 

518 

574 

15.7 

11.6 

15.0 

13.0 

3.2±0.4 

4.0±0.2 

2.4±0.2 

-0.40±0.05 

-0.60±0.10 

-0.40 ±0.05 
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FIG. 3. Isothermal magnetization curves at 4.2 K on oriented ErFenTi up to 
240 kOe. 

observed for the alloy since hydrogen insertion modifies the 
crystal field parameters at the rare earth site.16 

The magnetization curve recorded for ErFenTi at 4.2 K 
evidences a peculiar behavior at about 70 kOe where a 
change of the slope is observed on the curve measured when 
applying the field perpendicularly to the alignment direction. 
Since such peculiar behavior is not observed at high tem- 
peratures, we suggest that from 70 kOe all the magnetic mo- 
ments are titled in respect to the c axis, whereas at higher 
magnetic fields the magnetization is along the c axis (the 6 
angle has vanished). Following this interpretation, the anisot- 
ropy constant have been extracted from the magnetization 
curve obtained at field between 70 and 240 kOe (Table I). 

The isofield magnetization curves given in Fig. 4 are 
characterized by a broad maximum which decreases when 
the applied field increases; this maximum is found at 248 and 
228 K for ErFenTi at 10 and 230 kOe, respectively. In 
ErFenTiH, the maximum is observed at slightly higher tem- 
peratures, typically 265 and 236 K or an applied field of 10 
and 230 kOe, respectively. Whatever the magnetic field, a 
sharp raise of the magnetization is observed as the tempera- 
ture increases towards the maximum. This reflects the fast 
decrease of the Er magnetic moment versus temperature 
while the Fe sublattice remains almost constant in this tem- 
perature range. After this broad maximum of the magnetiza- 
tion, the total magnetization decreases due to the decrease of 
the Fe sublattice magnetization. 

Hydrogen insertion in ErFeuTi does not modify the 
magnitude of the Fe sublattice magnetization much as dis- 
cussed elsewhere.4'12'5 The displacement of the maximum 
towards the higher temperature indicates an enhancement of 
the Er magnetization upon H insertion in ErFenTi. This ob- 
servation corroborates the lower Msat value obtained at 300 
K in the hydride. Another feature of the isofield magnetiza- 
tion curves is the minimum observed at low temperature. 

14.00- 

3     13.00- 

c 
o 
1     12.00- 

■c     11.00- o 
m 

10.00 

§•      9.00- 

8.00- 

10   kOe 

50 100 200 150 

Temperature (K) 

250 300 

FIG. 4. Isofield magnetization curves at different magnetic field on oriented 
c axis ErFenTi compounds in the 50-275 K temperature range. 

This minimum occurs in the same temperature range as the 
spin reorientation rSR does. The increase of the magnetiza- 
tion when cooling below TSR may be associated to the pro- 
gressive tilting of the Er magnetic moment apart from the c 
axis, thus leading to an increase of the net magnetization 
(MFe-MEr). Another possibility would be a coherent rota- 
tion of MFe and MEr, both remaining antiferromagnetically 
coupled, but with such a phenomena, a decrease of the pro- 
jection of the magnetization along the c axis and a non- 
negligible remanent magnetization would be expected unlike 
what is experimentally observed. The proposed interpretation 
for the rotation of the Er magnetization will be checked by 
low temperature neutron diffraction experiments. 
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Neutron-diffraction measurements on TbCo3B2, with the isotope nB, show ferromagnetic structure 
below 35(2) K. Ordered magnetic moments of Tb and Co were found to be in the basal planes 
directed parallel to each other. The Tb ordered moment is significantly smaller than its free-ion 
value. The Co ordered moment is nearly zero. Ac-susceptibility and SQUID magnetometer 
measurements agree with the neutron results. © 1998 American Institute of Physics. 
[S0021-8979(98)35511-5] 

TbCo3B2 belongs to the R„+ 1Co3„ + 5B2,1 (R=lanthanide, 
n = 0, 1, 2, 3, and oo) family of compounds with n = °°, which 
crystallize in the hexagonal CaCu5-type structure1 (P6/mmm 
space group). In this compound cobalt atoms in the 2c site of 
the isostructural TbCo5 are replaced by boron atoms (Fig. 1). 

Magnetic and specific heat measurements on some of the 
RCo3B2 compounds (mainly R=Gd, Sm, and Dy)2-6 show 
ferromagnetic behavior. In these measurements the magnetic 
structure, as well as the relative contributions of the atoms to 
the ferromagnetic moment, cannot be deduced. In this work 
we determine the magnetic moments on the Tb and Co atoms 
using neutron-diffraction measurements. The magnetic val- 
ues obtained from the neutron-diffraction data are compared 
with ac-susceptibility and SQUID magnetometer measure- 
ments. 

Polycrystalline TbCo3B2 sample was prepared by arc 
melting the elements, using the nB isotope (99.5 a/o) in an 
argon atmosphere. The obtained button was annealed at 1073 
K in vacuum for 120 h. A specimen from the sample was 
examined by x-ray diffraction and was found to be single 
phase. Neutron (A.=240 pm) diffraction measurements of 
~16 g sample were performed at the IRR-2 reactor at RT 
(—295 K) and LT (—18 K). The diffractograms were ana- 
lyzed using the Rietveld profile analysis (the FULLPROF 
program).7 Ac-susceptibility measurements were carried out 
from 8 K up to RT on a 0.126 g sample. The applied ac field 
is —10 Oe. Magnetization measurements were carried out 
using a SQUID magnetometer from 5 K up to RT on a 0.028 
g sample. Magnetic fields ranging from zero up to 50 kOe, 
were used in the magnetization measurements. 

The RT neutron diffractogram of TbCo3B2 [Fig. 2(a)] is 
consistent with the hexagonal CaCu5-type structure. The lat- 
tice parameters, a = 505.3(5) pm, and c = 301.1(3)pm are in 
agreement with previous x-ray diffraction data.1 

The LT neutron diffractogram of TbCo3B2 shows an in- 

crease in the intensities of the reflections in comparison with 
the RT diffractogram [Fig. 2(b)]. This increase in intensity is 
consistent with a ferromagnetic structure. Rietveld analysis 
of the LT diffractogram results in the existence of both Tb 
and Co ordered magnetic moments in the basal plane, paral- 
lel to each other. The magnetic form factors of the Tb and Co 
atoms are approximated by the exponentially decreasing 
function, exp[-C(sin 6/X)2]. The C values used in the re- 
finements were fixed to be 4.8X104 pm2 for Tb, and 8.3 
X 104 pm2 for Co (Ref. 8). The refined Tb and Co ordered 
magnetic moments are 5.4(2) fiB and 0.13(7) /JLB, respec- 
tively. 

The temperature dependence of the neutron integrated 
intensity of the {010} reflections was measured (Fig. 3). The 
ordering temperature, 7^eut, at which the intensity of the 
magnetic contribution to the {010} reflections vanishes, is 
35(2) K (Fig. 3). 

In the measurement of the molar ac-susceptibility, XM » 
vs temperature, a large maximum in XM is shown, charac- 

FIG. 1. Crystallographic unit cell of TbCo3B2. The Tb, Co, and B atoms 
occupy the la, 3g, and 2c sites, respectively, in the space group P6/mmm 
(CaCu5-type structure). 
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teristic of ferromagnetic transition at 7^usc (Fig. 4; Table I). 
Another transition is observed at Ts"sc (Fig. 4; Table I). 
Above 150 K the sample is paramagnetic, and the suscepti- 
bility adheres to the Curie-Weiss law (Fig. 4). The effective 

15     20     25     30     35     40     45     50 
Temperature (K) 

FIG. 3. Integrated intensity of the {010} reflections as a function of tempera- 
ture for TbCo3B2. The magnetic contribution vanishes at 35(2) K. 

16000 

14000 

*3 12000 
g 
-§ 10000 
s 
<u 8000 

%-> 
2 6000 

?| 4000 

20001- 

0 

50  100 150 200 250 300 

Temperature (K) 

FIG. 4. Ac-magnetic-susceptibility of TbCo3B2 as a function of temperature 
(left ordinate) and its expansion in the temperature range 100-280 K (right 
ordinate). 

magnetic moments, [i^, the paramagnetic Curie tempera- 
ture, 6, and the enhanced Pauli paramagnetic susceptibility,5 

Xo, are obtained by fitting the Curie-Weiss law, (XM 

-Xor1 = (2.83///.eff)
2 (T-0), to the observed data (Table 

I). 
SQUID magnetometer measurements of the magnetic 

moment, M, vs temperature, in applied magnetic field H 
= 1 kOe, show similar results. Two transitions, at 7J|QUiD an£j 
at r^QUID, are observed (Table I). Above 150 K the Curie- 
Weiss law is observed with the refined parameters summa- 
rized in Table I. 

SQUID magnetometer measurements of M vs the mag- 
netic field, H, show ferromagnetic behavior of the sample at 
5 K (Fig. 5). The observed magnetic moment at H=50 kOe 
is 6.2 (iB .This moment is not saturated. The estimated satu- 
rated value is —6.9 /ULB . The linear relation between M and 
H at 90 K indicates a non-ferromagnetic state (Fig. 5). 

The neutron diffraction method as a powerful tool for 
determination of the magnetic structure and the magnitude of 
magnetic moment is demonstrated in this work. Previously, 
the determination of the lanthanide and Co magnetic mo- 
ments was achieved by using different assumptions about the 
moments in the family R„+1Co3„ + 5B2„ (Refs. 2-6). Mainly, 
it was assumed that the Co atom is either nonordered 
magnetically2 or has a small moment, which is antiparallel to 
the lanthanide moment.4'5 The latter assumption is based on 
results for heavy lanthanides in RCo5 (Ref. 9). 

TABLE I. Enhanced Pauli paramagnetic susceptibility, Xo< paramagnetic 
Curie temperature, 6, effective magnetic moment, /icft, and transition tem- 
peratures, Tf, and r„,as obtained from ac-susceptibility (applied field H 
= 10 Oe) and SQUID (H= IkOe) magnetometer measurements. 

Method 
Xo 

(emu/mol) 
8 

(K) (MB) (K) (K) 

ac-susceptibility 
SQUID 

0.071(1) 
0.022(1) 

40(4) 
14(7) 

7.7(1) 
7.8(2) 

35(5) 
35(5) 

150(5) 
130(5) 
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Our LT (18 K) neutron diffraction data requires 5.4(2) 
/J,B for the magnetic moment of Tb, and 0.13(7) fiB for Co, 
with the moments aligned parallel to each other. Attempts to 
refine the neutron diffraction data using Co magnetic mo- 
ment which is either zero or antiparallel to the Tb magnetic 
moment resulted in significantly worse agreement factors. 
Moreover, attempts to increase the Tb magnetic moment up 
to its free-ion value (i.e., 9 /JLB) show a clear disagreement 
with the experimental data. 

The SQUID magnetometer measurements of M vs H 
(Fig. 5) agree with the reduced magnetic moment of Tb. 
Extrapolating M*\IH to 1/H=0 resulted in -6.9(2) /mB for 
the saturated moment at 5 K. This value is higher than the 
neutron value [total moment of 5.8(2) JJLB] at LT (18 K). 
This is expected from the difference in the temperatures at 
which the moments were measured. Similar reduction of the 
lanthanide magnetic moment has been previously3'4 esti- 
mated from magnetization measurements for other lan- 
thanides in this structure (e.g., Dy and Sm). This reduction 
was associated with crystalline electric field effects.3'4 

Above 150 K the TbCo3B2 compound exhibits the para- 
magnetic behavior, as determined from the SQUID and ac- 
susceptibility measurements (Table I). The discrepancy in x0 

and 8 is ascribed to the difference in the applied field. The 
best-fitted effective magnetic moment is small in comparison 
with the free-ion Tb3+ effective moment (9.72 fiB). This 
result can probably be related to the reduction in the ordered 
magnetic moment discussed above. 

The nature of the higher temperature transition, T0, ob- 
served by both SQUID and ac-susceptibility measurements 
(Table I), is yet to be studied. 
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4H. Ido, M. Nanjo, and M. Yamada, J. Appl. Phys. 75, 7140 (1994). 
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6W. Perthold, N. M. Hong, H. Michor, G. Hilscher, H. Ido, and H. Asano, 

J. Magn. Magn. Mater. 157-158, 649 (1996). 
7J. Rodriguez-Carvajal, Physica B 192, 55 (1993). 
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edited by J. Faber, AIP Conf. Proc. 89 (AIP, New York, 1982), p. 315. 
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The Mössbauer spectra of a series of rhombohedral Tb2Fe17_^Six solid solutions, with x equal to 0, 
1, 2, and 3, have been measured as a function of temperature. Although the spectra of Tb2Fe17 

change substantially upon cooling from 295 to 85 K, it has been possible to fit them with a 
consistent seven sextet model corresponding to a basal magnetization. The spectral analysis yields 
reasonable hyperfine parameters and the expected changes with temperature. The resulting weighted 
average effective iron recoil mass of 66 g/mol and the Mössbauer temperature of 395 K are typical 
of this type of intermetallic compound. In addition, the isomer shifts and the hyperfine fields 
observed for the crystallographically distinct iron sites in Tb2Fe17 agree well with those expected 
from the differences in the Wigner-Seitz cell volumes and the near-neighbor environments of the 
four sites. The spectra of the silicon substituted solid solutions have been fit with the same model 
and similar hyperfine parameters, but with a binomial distribution of near-neighbor environments. 
The weighted average hyperfine field decreases slowly with increasing silicon content, whereas the 
isomer shift increases.   © 1998 American Institute of Physics. [S0021-8979(98)35611-X] 

R2Fe17 is a very common intermetallic phase whose 
magnetic properties can be modified by replacing part of the 
iron by a substitutional metal such as aluminum,1"4 

gallium,5'6 or silicon.7'8 Often the Curie temperatures in- 
crease up to a maximum at x=3 in these R2Fe17_xM^ solid 
solutions. Thus a systematic study of these compounds may 
lead to improved permanent magnet materials as a result of a 
better understanding of the influence of the substitutional 
metal. 

Herein, we report on the magnetic properties of Tb2Fe17 

and its silicon substituted solid solutions, Tb2Fe17_;cSi.c, with 
x=l, 2, and 3, by Mössbauer spectroscopy between 85 and 
295 K. We are interested in these solid solutions because 
their lattices contract with increasing x, contractions which 
are rather surprising because it has generally been believed 
that such contractions would lead to an increase in the anti- 
ferromagnetic coupling between some of the iron atoms. 
Such an increase should lead to a decrease in the Curie tem- 
perature in contrast to the observed increase with x. Thus a 
study of these compounds, which seem to be an exception to 
this general belief, may help to better understand the mag- 
netic behavior of such substituted intermetallic compounds. 

The Tb2Fe17_^.Six solid solutions, with x = 0, 1, 2, and 3, 
were prepared as described previously.5 Powder x-ray dif- 
fraction results indicate that all of these compounds are vir- 
tually single phase and crystallize with the rhombohedral 
Th2Zn17-type structure. Three silicon atoms per formula unit 
are the most that can be introduced into Tb2Fe17 and still 
yield a single phase solid solution. 

The Mössbauer spectral absorbers contained 27 mg/cm2 

of powder10 which had been sieved to a particle diameter of 

0.045 mm or less. The Mössbauer spectra were measured on 
a constant acceleration spectrometer which utilized a 
rhodium matrix cobalt-57 source and was calibrated at room 
temperature with an a-iron foil. 

A preliminary study11 of the Mössbauer spectra of 
Tb2Fe17 at 78 and 295 K has revealed a distinct difference in 
the shape of the spectra at these two temperatures. Further, 
the reported temperature dependence of the spectral hyper- 
fine parameters was unusual. In order to better understand 
these changes, the Tb2Fe17 Mössbauer spectra were remea- 
sured at several temperatures between 85 and 295 K. Figure 
1, which shows several of these spectra, reveals a continuous 
change in the shape of the spectrum upon cooling. At 85 K 
the spectrum shows a very distinct absorption at ca. —5.3 
mm/s as well as two distinct shoulders at ca. -2.5 and 4.5 
mm/s, absorptions which begin to converge with others 
above 175 K such that at 295 K there is little if any sign of 
these three spectral features. 

Because the magnetization of Tb2Fe17 is basal, we have 
fit its Mössbauer spectra with a seven sextet model9 in which 
the hyperfine parameters are consistent with both the near- 
neighbor environment and the Wigner-Seitz cell volume of 
each iron site. The seven sextets correspond to the seven 
inequivalent magnetic sites,9 6c, 9d6, 9d3, 18/12, 18/6, 
18ft ,2, and 18/i6, respectively, and the isomer shifts for the 
crystallographically equivalent, but magnetically inequiva- 
lent, sites were constrained to be equal. Further, in this 
model the isomer shift increases with the cell volume of a 
crystallographic site because of a reduced s -electron density 
at the iron-57 nucleus. The results of these fits are given in 
Table I along with the 295 K Wigner-Seitz cell volume for 
each site.12'13 

0021 -8979/98/83(11 )/6736/3/$15.00 6736 © 1998 American Institute of Physics 
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FIG. 1. The Mössbauer spectra of Tb2Fe17 measured at 295, 225, 175, and 
85 K, and the 85 K Mössbauer spectra of the Tb2FeI7_xSiA solid solutions 
with x=l, 2, and 3. 

As already observed9 in many related R^Fe^ com- 
pounds, the hyperfine fields increase with the number of iron 
near neighbors for each crystallographic site, see Fig. 2. As 
expected, the hyperfine fields decrease with increasing tem- 
perature and the quadrupole shifts are independent of tem- 
perature. The effective mass, Meff, of each iron site can be 
calculated14 from the temperature dependence of the isomer 
shift. Table I reveals that the 9d site has the largest, the 18/ 
and 18/z sites have similar intermediate, and the 6 c site has 
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FIG. 2. The correlation between the Tb2Fe17 site weighted average hyperfine 
fields and the number of iron near-neighbors. 

the smallest effective masses. This indicates that the 9d site 
is more covalently bound than the other sites, as is expected 
for the site with the smallest Wigner-Seitz cell volume. The 
temperature dependence of the isomer shift and the loga- 
rithm of the spectral absorption area may be used to 
calculate14 the Mössbauer temperature, 6M, for each site. 
The resulting values, of ca. 400 K, see Table I, are typical for 
this type of intermetallic compound.15 

320 
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FIG. 3. The temperature dependence of the weighted average hyperfine 
fields, A, and the weighted average isomer shifts, B, for the Tb2Fe17_^SiJ. 
solid solutions with x=0, ♦; 1, •; 2, ■; and 3, A. 
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TABLE I. Mössbauer spectral hyperfine parameters" and Wigner-Seitz cell volumes for Tb2Fer 

T, K 6c 9d6 9d3 18/12 18/6 18/1,2 18ft6 Wt. ave. 

H, kOe 295 281 244 223 223 247 218 208 232 
85 365 327 300 294 330 285 279 307 

S, mm/sb 295 0.066 -0.180 -0.180 -0.084 -0.084 -0.113 -0.113 -0.094 
85 0.229 -0.063 -0.063 0.041 0.041 0.021 0.021 0.038 

S0, mm/sc 0.304 0.082 0.082 0.095 0.095 0.080 0.080 0.112 
dSldT -7.55 -5.55 - -6.15 - -6.43 - -6.36 
Mc!f, g/mol 55 74 - 67 - 64 - 66 

&M > K 433 371 - 390 - 399 - 395 
QS, mm/s 295 0.05 -0.21 0.04 0.45 -0.01 -0.33 0.45 0.06 

85 0.06 -0.20 0.04 0.45 -0.02 -0.33 0.45 0.06 
v      Ä3d vws< A 295 12.55 11.28 - 11.77 - 11.88 - 11.81 

aThe linewidth is 0.32 mm/s at 295 K and 0.29 mm/s at 85 K and d(ln Area)/rfT is -7.51X 10"4 KT1. 
'Relative to room temperature ar-iron foil. 
CS0 is the zero Kelvin intercept and the slope, dS/dT, is X 10~4 (mm/s)/K. 
dCalculated with the structural parameters given in Ref. 13 and BLOKJE, Ref. 12, with the 12 coordinate 
atomic radii of 1.80 and 1.26 Ä for terbium and iron, respectively. 

The Mössbauer spectra of Tb2Fe17_xSiJ., with x= 1, 2, 
and 3, were measured between 85 and 295 K, and the 85 K 
spectra are shown in Fig. 1. These spectra are clearly much 
broader than those of Tb2Fe17 and thus must be fit with a 
distribution of hyperfine fields resulting from the binomial 
distribution of silicon near neighbors, a fitting procedure 
which has been described in detail elsewhere.8'11 To carry 
out these fits, the amount of silicon on each iron site must be 
known. Unfortunately, at this time, no neutron diffraction 
results are available for these compounds, and thus the sili- 
con occupancies reported8 for Ce2Fe17__t.Sir were used 
herein. Indeed, earlier work1-8 has shown that the M site 
occupancies are rather independent of the nature of the rare 
earth in R2Fe17_^MJ.. Further, for low silicon content even 
less variation with the rare earth is expected. A single line- 
width, between 0.29 mm/s at 85 K and 0.32 mm/s at 295 K, 
was used in the fits. 

The resulting isomer shifts follow the sequence 9d 
< 18/=s 18/J<6C as observed in Tb2Fe17. Figure 3 shows the 
temperature dependence of the average isomer shift for the 
four compounds studied herein. It is clear that the 85 K 
weighted average isomer shift increases with silicon content 
from 0.038 mm/s at x = 0 to 0.112 mm/s at JE = 3. A 
similar variation was observed7'8 in Nd2Fe17_;cSic and 
Ce2Fe17_xSi^. Figure 3 shows the temperature dependence 
of the weighted average hyperfine field. The decrease in the 
hyperfine field, AH, due to each silicon near neighbor at a 
given site, is ca. 16 kOe, a value7'8 which is typical of these 
solid solutions.15 

The temperature dependence of the spectral hyperfine 
parameters, and their changes with x in Tb2Fe17_^Si^, show 
an internal consistency in the series, agree well with previous 
results1-8 obtained for similar R2Fe17_xM;c solid solutions, 
and agree with the magnetization measurements,13 measure- 
ments which indicate a maximum Curie temperature of 520 
K for Tb2Fe14Si3. This consistency will be discussed in detail 
in a future paper.13 

In the experimental section, it was noted that a maxi- 
mum of three silicon atoms per formula unit can be intro- 
duced into Tb2Fe17. In the fits of Tb2Fe14Si3, a doublet with 
an isomer shift of 0.2 mm/s, a quadrupole splitting of 0.19 

mm/s, and a relative area of 4%, had to be included at 85 K. 
Its parameters are consistent with the iron-silicon phase pre- 
viously observed7 in Nd2Fe17_xSi^. Both the formation of 
this stable impurity phase and the contraction of the unit cell 
lattice with increasing x may explain why no more than three 
silicon atoms can be substituted into Tb2Fel7. 
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Asymmetric nonlinear magneto-optic effects in PtMnSb thin films 
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Nonlinear magneto-optic measurements on thin films of PtMnSb exhibit asymmetric behavior in 
both the transverse and longitudinal Kerr configurations. Second harmonic generation under 
magnetization reversal is asymmetric about the state of zero magnetization with the degree of 
asymmetry dependent on the angle of incidence. The origin of the asymmetry arises from 
simultaneous detection of even («M2) and odd (<*M) magneto-optic effects. In principle such 
effects exist in both the optical linear and nonlinear regimes but in most materials even effects are 
very small and only observed in specific experimental arrangements where the linear effects in M 
vanish (such as the Voigt configuration). This is not the case with PtMnSb in which the band 
structure produces total polarization of the majority and minority spin carriers giving rise to 
unusually strong magneto-optic interactions. © 1998 American Institute of Physics. 
[S0021-8979(98)44411-6] 

INTRODUCTION 

Pustogowa, Hubner, and Bennemann1'2 calculate 
magneto-optic effects in second harmonic generation (SHG) 
arising from the nonlinear interaction between an optical 
field and a magnetized medium. They show that such effects 
may be significantly larger than their linear counterparts. 
From quite general results they consider the possibility that 
materials with large spin-orbit coupling or large magnetic 
moments as in the Heusler alloys might exhibit large Ken- 
rotations in the second harmonic. Such expectations were 
subsequently confirmed experimentally for single crystals of 
Fe,3 Fe/Cu,4 and Rh/Co/Cu (Ref. 5) multilayers and also for 
the Heusler alloy PtMnSb.6 

PtMnSb is a half-metallic ferromagnet that, in its crys- 
talline stoichiometric form, exhibits the largest magneto- 
optic effects yet recorded at room temperature. In most ex- 
perimental configurations the changes observed in a linear 
optical field reflected from or transmitted through the me- 
dium being subjected to magnetization reversal are typically 
an order of magnitude greater than those observed for iron. 
Following Pustogowa et al. magneto-optic effects observed 
in the SHG field from PtMnSb are expected to be larger still. 
Reif, Rau, and Matthias,6 reporting the only nonlinear 
magneto-optic studies of PtMnSb to date, investigated circu- 
lar magnetic dichromism and the longitudinal Kerr effect at 
one angle of incidence (75°) for the (111) surface of a single 
crystal. On reversal of the magnetization they recorded a 7% 
change in detected SHG intensity for circularly polarized ra- 
diation and a Kerr rotation of 14° for linearly polarized ra- 
diation. 

Following our previous extended studies of thin films of 
PtMnSb,7"10 this article reports our recent investigation of 

the nonlinear magneto-optic behavior of thin films of 
PtMnSb in the transverse Kerr configuration. In addition, the 
circular dichroism measurements reported by Reif et al. are 
repeated and extended to other angles of incidence. 

In the linear optical regime it is usual to describe the 
magneto-optic interaction, in the transverse Kerr configura- 
tion, in terms of S, the fractional change in the detected re- 
flected intensity, defined as 

IT   - 'Ms 'Ms 

'Ms^'Ms 

where l]is and i]^ are the intensities associated with oppo- 
site states of in-plane magnetic saturation, normal to the 
plane of incidence. This definition can similarly be used to 
describe transverse Kerr effects nonlinear in the optical field: 

YT   - 'Ms 
. vi 
'Ms 

ySHG_ 

'Ms^ 'Ms 

''Electronic mail: r.carey@coventry.ac.uk 

where Y\ls and YJ^ are now the detected SHG yields asso- 
ciated with the opposite states of magnetic saturation. In both 
the linear and nonlinear cases the detected intensity changes 
are expected to be symmetrical about the reflected intensity 
or SHG yield when the sample magnetization is zero along a 
direction perpendicular to the plane of incidence, lM=0 and 
YM=0, respectively. Note that because the structure of 
PtMnSb is noncentrosymmetric the SHG yield will contain 
both bulk and surface contributions. 

EXPERIMENT 

The PtMnSb films used in this study were prepared by 
magnetron sputtering from individual targets of Pt and MnSb 
(50:50 at. %) onto a rotating substrate. As deposited, the 
films were amorphous and were subsequently crystallized by 
rapid   thermal   processing   (RTP)   in   vacuum   using   a 
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FIG. 1. Asymmetry in the SHG yield under magnetization reversal in the 
transverse Kerr configuration. 
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FIG. 2. Asymmetric changes in SHG yield for left circularly polarized ra- 
diation in the longitudinal Kerr configuration. 

60WCO2 laser. X-ray diffraction analysis showed the re- 
sulting samples to be composed of very fine crystallites with 
the (111) surface predominant. With a thickness of 190 nm 
the films were just semitransparent. In the linear magneto- 
optic regime they exhibited a polar Kerr rotation of 1.8° at a 
wavelength (X.) of 670 nm and in the transverse Kerr con- 
figuration a fractional change in reflected intensity of 2.5% at 
\ = 532nm. 

Nonlinear magneto-optic measurements were made us- 
ing a Minilite Nd:Yag (X.= 1064nm) laser emitting 
Q -switched 5 ns, 25 mJ pulses at a repetition rate of 10 Hz to 
produce a power density of 70X 106 W cm"2 at the film sur- 
face. Appropriate filters were used to block SHG signals pro- 
duced by the input optical train and also to isolate the fun- 
damental from the photomultiplier detector. 

Prior to making magneto-optic measurements the polar- 
ization of the SHG signal from a demagnetized sample was 
studied as a function of the polarization of the 1064 nm 
(fundamental) beam. The SHG yields YJ^, YJ^S, and YM=0 

were then recorded as a function of the angle of incidence 
using /?-polarized radiation in the transverse configuration 
and both left and right circularly polarized beams in the lon- 
gitudinal configuration. The values presented for these pa- 
rameters are averages obtained over 500 pulses recorded us- 
ing a Lecroy digital oscilloscope. 

RESULTS AND DISCUSSION 

In the polarization studies from demagnetized samples 
we found, as previously observed by Reif, Rau, and 
Matthias,6 that the SHG output beam was p polarized for 
both p and s input polarization. The efficiency of the SHG 
process was, however, greatly reduced when the fundamental 
input beam was s polarized. 

Figure 1 shows the behavior of the SHG (\ = 532nm) 
yield under magnetization reversal in the transverse Ken- 
configuration as a function of angle of incidence. The yield 

for the two states of magnetic saturation is seen to be quite 
asymmetrical about that of the demagnetized state. The 
transverse effect with s -polarized input radiation is not actu- 
ally forbidden in the SHG field as it is for the linear field but 
no measurable magneto-optic interaction was observed. 

The asymmetry is also apparent in the longitudinal con- 
figuration. Figure 2 shows the results taken using left circu- 
larly polarized input radiation. Essentially identical results 
are obtained using right circularly polarized radiation. A 
similar asymmetry is just discernible in the raw data of Reif, 
Rau, and Matthias.6 Using the definition of Reif et al. for the 
fractional change (A) in detected intensity due to circular 
magnetic dichromism we obtain values for A greater than 
42% at 60° angle of incidence. This is considerably larger 
than the 7% they reported at a wavelength of 266 nm and a 
75° angle of incidence. The difference is probably a conse- 
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FIG. 3.  Magnetic hysteresis loop of the sample used for the nonlinear 
magneto-optic experiments. 
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FIG. 4. Odd and even contributions to the fractional intensity change in the 
SHG field as a result of magneto-optic interactions observed in the trans- 
verse Kerr configuration. 

quence of the different wavelengths at which the measure- 
ments are made and of possible enhancement within the thin 
film structure of our samples. 

In discussing nonlinear magneto-optic effects most 
workers assume quadrapole interactions to be negligible and, 
following Pan, Wei, and Shen,11 separate the geometry de- 
pendent elements of the dipole nonlinear susceptibility tensor 
into two classes, odd and even with respect to magnetization 
(M) reversal about a given direction. There is often a ten- 
dency to assume that even susceptibility elements are small 
and may be ignored or incorporated with the nonmagnetic 
contribution to the nonlinear susceptibility.3 With most of the 
simple ferromagnetics the former assumption is valid as evi- 
denced by the magnetic hysteresis loops recorded for Fe 
(Ref. 3) and Co/Cu (Ref. 12) multilayers using the nonlinear 
Kerr effect. Any significant M2 or higher (even) order in M 
contribution to the detected SHG signal would distort the 
hysteresis loops obtained. For the PtMnSb films reported 
here it is clear that, although the magnetic behavior of the 
samples is perfectly conventional (see Fig. 3), the detected 
SHG signal is not a simple linear function of sample magne- 
tization for either the transverse or the longitudinal configu- 
rations. The presence of a significant even («M2) contribu- 
tion   to   the   detected   signal   immediately   explains   the 

asymmetric nature of the results of Figs. 1 and 2. Assuming 
the odd («M) contribution to the yield is symmetrical about 
the YM=0 yield, separation of the odd and even contributions 
is straightforward and fractional changes in the SHG yield of 
each component are readily achieved. These are shown in 
Fig. 4 where odd S(MoM) and even <S(Meven) contributions 
to the observed <5SHG are plotted as a function of angle of 
incidence. 

It can be seen that the odd and even contributions are 
very large (cf. 25%) and of similar magnitude. Both the odd 
and even contributions in the nonlinear (SHG) field are at 
least an order of magnitude greater than those observed in 
linear field measurements. To our knowledge values > 50% 
for the fractional change in any even (M) magneto-optic ef- 
fects are hitherto unreported. It therefore seems very likely 
that even (M) magneto-optic effects in the linear field mea- 
surements for PtMnSb will also be large. Our initial mea- 
surements indicate that this is indeed the case and odd and 
even effects again contribute to the detected signal. 

CONCLUSION 

Asymmetry in the magneto-optic transverse Kerr effect 
in second harmonic generation from PtMnSb thin films has 
been shown to originate in signals that are odd and even in 
the sample magnetization and comparable in size. Magneto- 
optic effects in PtMnSb are measured to be at least an order 
of magnitude greater in the SHG field than in the normal 
linear field as was predicted by Pustogowa et al.1 The mea- 
surements of the even (M) components in the SHG field are 
believed to be the first of their kind to be reported. 
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Anisotropie third-order magneto-optical Kerr effect 
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The magnitude of the polar magneto-optical Kerr effect in reflection from thick iron epitaxial films 
is experimentally found to strongly depend on the crystallographic orientation of the film, with 
variations of more than 20%. Similar results are obtained on the (001) and (110) faces of a bulk Fe 
crystal. It is shown that this anisotropy can be described as a third-order effect in the magnetization 
M on the optical response e( w,M). Our analysis can also be used to understand the transversal Kerr 
effect at normal incidence recently observed by Gridnev et al. © 1998 American Institute of 
Physics. [S0021-8979(98)46611-8] 

Magneto-optics provides a simple and quite universal 
way to probe the magnetization M of a ferromagnetic 
medium.1-4 Most of the magneto-optical phenomena arise 
due to the effect of M on the dielectric constant of a medium 
e(M). Assuming that this effect is weak, the e(M) depen- 
dence is often expanded in powers of M yielding5 

e(M) = ?0) + 4-7rif-M+477g:MM+4Trih:MMM+--- , 
(1) 

where e(0) denotes the magnetization-independent part of 
e(M) and the tensors f, g, and h describe the linear-, 
second-, and third-order magnetization-induced corrections 
to the dielectric function of the magnetic medium. So far the 
main attention has been paid to the magneto-optical effects 
arising via the second and third term in Eq. (1). For instance, 
to describe magnetic circular dichroism (MCD) it is usually 
enough to account for the term 4777'fXM that is linear in the 
magnetization. Upon light reflection, MCD results in the 
magneto-optical Kerr effect (MOKE) which is used to study 
magnetism in opaque media.1 The second-order 
magnetization-induced term 4Trg:MM results in the linear 
birefringence.2 Higher order terms in M in Eq. (1) are usu- 
ally neglected. However, they may result in new magneto- 
optical effects and thus become important. In particular, a 
third-order contribution (ah) to Eq. (1) has been recently 
observed by Gridnev et al.6 to contribute to the transversal 
magneto-optical Kerr effect upon light reflection from the 
(111) face of LiFe508. 

In this work we analyze novel magneto-optical effects 
that can originate via higher-order (and anisotropic) contri- 
butions in the magnetization dependence of the dielectric 
response in cubic media. In particular, these contributions 
can describe experimentally observed anisotropy of the 
magneto-optical Kerr rotation in reflection from (001) and 

(110) oriented iron epitaxial films and (001) and (110) faces 
of a bulk Fe crystal. A similar effect has also been observed 
on epitaxial hep Co films,3 where the anisotropy is linear in 
the magnetization.3'4 For cubic bec iron, however, this linear 
effect is forbidden by symmetry and the anisotropy can be 
understood as a third-order effect of the magnetization. We 
also demonstrate how the orientation dependence of the po- 
lar MOKE is related to the transversal third-order MOKE 
observed in Ref. 6. 

The epitaxial Fe(001) and (110) films with the thickness 
700-1000 Ä were grown on Au(001) and Au(lll) buffer 
layers as described in Ref. 7. The bulk samples were pre- 
pared by cutting an iron single crystal along (001) and (110) 
planes with subsequent polishing by a diamond paste. The 
MOKE spectra of epitaxial Fe films were measured in the 
range of 4-10 eV using the synchrotron facility described in 
Ref. 8. Similar measurements in the range 1.55-6 eV on 
epitaxial films and bulk samples were done on a Kerr spec- 
trometer. 

In Fig. 1 we show the spectra of the Kerr rotation angle 
(pK and the Kerr ellipticity T]K measured on thick Fe epitaxial 
films with the (001) and (110) orientation. A strong anisot- 
ropy   A<^=4001>-4110>   and   AVjf= ^- J™>   * 
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FIG. 1. The Kerr rotation (left panel) and Kerr ellipticity (right panel) spec- 
tra measured on epitaxial Fe(001) and Fe(110) films. 
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FIG. 2. The same as in Fig. 1 but measured on two faces of a bulk iron 
crystal. 

clearly seen. For the thick Fe films the effect of quantum 
well states should be negligible and the natural explanation 
of this anisotropy could then be a difference in the structure 
of the two studied films. For instance, a different strain of the 
Fe lattice may affect the magneto-optical parameters. Alter- 
natively, one can think about a different roughness of the 
different film surfaces as a possible source of the orientation 
dependence of MOKE. 

However, an additional study performed on different 
faces of iron bulk single crystals contradicts this simple ex- 
planation. In Fig. 2 we show the MOKE spectra measured 
upon light reflection from Fe(OOl) and Fe(llO). In this case 
the effect of the lattice strain should be much smaller, if not 
negligible, in comparison to that expected in epitaxial films. 
The surface (micro-) roughness of the faces of the bulk crys- 
tal, which can result from the sample polishing, is obviously 
expected to be distinctly different from the surface (micro-) 
roughness of epitaxial films which can arise during the film 
growth. However, the great similarity between the results 
presented in Figs. 1 and 2 is obvious. Only at small photon 
energies ÄwS2eV there is a clear anisotropy found for the 
epitaxial films while the single crystal faces do not show this. 
This observation strongly suggests that the MOKE anisot- 
ropy at ho)>2 eV is an intrinsic effect of a perfect Fe crystal 
rather than related to the mechanisms described above. 

For cubic media the first two tensors e(0) and f in the 
expansion (1) reduce to scalars e0 and /0 times the unity 
symmetric and antisymmetric tensors, respectively. There- 
fore, up to the term linear in the magnetization, the relation 
between the induction D(w) and the electric field E(co) of 
the light wave can be written in a vector form: 

D=e0E+4m/0EXM. (2) 

Although MCD depends on the mutual orientation of the 
light propagation direction and the magnetization M, within 
the approximation of Eq. (2) MCD is isotropic in a sense that 
it does not depend on the orientation of E and M relative to 
the crystallographic axes. Therefore, to describe the aniso- 
tropic MCD effect in a cubic medium one has to account for 
the higher-order terms in the expansion (1), which are aniso- 
tropic even in high-symmetry cubic media. The second-order 
term \rngijUMkMl is even in the magnetization and there- 
fore cannot contribute to MCD. In order to account for the 
anisotropy of MCD one therefore has to consider the third- 
order term. 

In general, an axial fifth-rank tensor in a cubic medium 
has ten independent nonvanishing elements.9 The permuta- 
tion symmetry of hijkim with respect to the last three indices 
and the Onsager symmetry hijk[m=-hjikim reduces this 
number to only 2. In the following it is convenient to intro- 
duce a contracted notation. We define a ten-dimensional vec- 

tor MMM with components 

MMM= (3) 

M\ 
M\ 

U\ 

3M2M\ 

3M3M
2 

3MXM\ 

3M3M
2 

3MXM\ 

3M2M\ 

6MlM2M3j 

where M\, M2, and M3 denote the projections of M on the 
principal crystallographic axes [100], [010], and [001]. The 
axial fifth-rank tensor h can then be written as a third-rank 
tensor KiJK where the last index K runs from 1 to 10. The 
nonvanishing elements of K(JK are 

K\ — Km—K2-b\—K3\2-      Kl32-      K2tt~      ^321' 

K2— /c127= ,c238=: /c319= ~~ K 139= — 'c328== — /(217 

(4) 

: KU5~ K236~ K3U = ■ K 134" K 326" ■ K 215 • 

For isotropic media the same elements of KijK are nonvan- 
ishing but the number of independent elements is reduced to 
one because of an extra relation /q = 3 K2 between the /q and 
K2 elements. In cubic media the anisotropic element KW 

= Ky/3- K2J=0 leads to the anisotropy in MCD. 
Now we introduce the laboratory coordinate system 

(xyz), where the z axis is normal to the surface and along 
the magnetization vector M=ezM. The transformation ma- 
trix A from the crystallographic (123) to the laboratory (xyz) 
frame is taken in the form 

cos 9 sin ip   cos 8 cos ip    —sin 6\ 

A=\     — cos ip sin ip 0 

sin 6 sin ip    sin 6 cos ip     cos 0 

(5) 

where the angles 6 and ip determine the orientation of the 
surface normal ez with respect to the crystallographic axes. 
Using Eqs. (4) and (5) one can find the xy element of 
e(ezM): 

exy(ezM) = 4Tri[f0M+KlM -6/can sin   0(cos   6 

+ sin2 6 cos2 ip sin2 ip)M3] (6) 

that determines the MCD for light propagating along z. The 
last term in Eq. (6) is anisotropic, i.e., it depends on the 
orientation of the surface relative to the cubic frame. For the 
(001) face 6=0 and Eq. (6) yields 

e^01)(ezM) = 477('[/0M+KlM
3] (7) 



6744        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Petukhov et al. 

while for the (110) face 6= IT/4, I//=0 and 

ex\
w\tzM) = Am[f,M+K,M3- f KmM3]. (8) 

J001)   ,    (110) Obviously, ex     +e\   ' and the third-order term in expan- -xy 
sion (1) can describe the observed anisotropy. 

The analysis above can also be used to describe the ob- 
served third-order transversal (klM, where k denotes the 
light wave vector) Kerr effect reported in Ref. 6. We take the 
light incident along the surface normal z and the magnetiza- 
tion parallel to the surface M=eAM. In cubic media the lin- 
ear in the magnetization contribution i/0EXM to the in- 
duced polarization is then always along k and, therefore, 
does not radiate into the direction of light propagation. The 
second-order contribution g:MM is reciprocal and cannot 
contribute to the MCD and one again arrives to the third- 
order term which gives rise to the transversal MCD via 

^xy\^x'" I     "■xyxxx™   > (9) 

where hxyxxx= Kanf(6,il/,ob) denotes the magnitude of the 
corresponding tensor element in the laboratory coordinate 
system which depend on the relative orientation of the two 
frames given by the Euler angles 6, ip, and qb, where the 
additional angle <f> describes the azimuthal orientation of the 
sample which becomes important for the transversal geom- 
etry. We note that this transversal MCD vanishes on the 
even-fold rotation symmetry (001) and (110) faces of cubic 
fee and bec crystals. Indeed, the rotation of the sample by ■fi- 
re verses the direction of M=exM while exy and hxyxxx 

should be unchanged since (x,y)-^( — x, — y) is a symmetry 
operation for these faces and exy(exM) should therefore van- 
ish for any <f>. For other faces the transversal MCD is present. 
For instance, for the (111) face one can calculate the function 
/(0, if/, <f>) to obtain 

4 m , 
exy(exM)=- — KanAT sin 30. (10) 

Note that this effect is anisotropic during azimuthal rotation 

of the sample. It vanishes every time when the magnetization 
is normal to one of the mirror symmetry planes (011), (101), 
and (HO) of the (111) face. Comparing Eqs. (7), (8), and 
(10) one can see that a measurement of the transversal 
MOKE on Fe(lll) similar to that done by Gridnev et al.6 

can be used for an unambiguous verification of the mecha- 
nism of the anisotropy of the polar Kerr effect proposed in 
this work. 

In conclusion, we have observed a strong surface orien- 
tation dependence of the magneto-optical Kerr effect in the 
polar configuration that can be understood as a third-order 
effect in the magnetization on the optical response. We give 
a phenomenological description of this effect, which can also 
explain the transversal Kerr effect at normal incidence on 
odd-fold symmetry faces of a cubic crystal observed by 
Gridnev et al. 
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Magneto-optical properties of MnPt3: LDA+ U calculations 
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Our recent first-principle LMTO-AS A calculations of the magnetooptical properties of MnPt3 are in 
good agreement with the experimental data. However, the calculated positions of the Kerr-rotation 
peaks are shifted by approximately 0.5 eV with respect to the experimental results. An interesting 
feature in the density of states (DOS) of MnPt3 is the narrow unoccupied peak in the minority Mn d 
DOS signifying the fairly localized nature of these states. Usually the study of the optical properties 
of systems with localized states requires the inclusion of correlation effects beyond the LDA 
through the Hubbard U parameter. We report here a study of the effect of U and the energy 
expansion parameter Ev in LMTO for the minority Mn d states on the calculated Kerr spectra of 
MnPt3. It is found that a reasonable choice of Ev gives the Kerr effect in good agreement with the 
experimental data without the need to use the U parameter. © 1998 American Institute of Physics. 
[S0021-8979(98)21811-l] 

I. INTRODUCTION 

Ferromagnetic compounds containing manganese and 
platinum have attracted considerable interest recently be- 
cause of their large Kerr rotation. MnPt3 and MnPtSb have 
Kerr rotation of 1.2° at 1.2 and 1.7 eV photon energies, 
respectively. The first-principle calculations of the Kerr ef- 
fect in these compounds have been performed by a number 
of authors during the last three years using the local density 
approximation (LDA).1"3 The calculated Kerr rotation as a 
function of the photon energy is in good agreement with the 
experiment. However, the position of the main peak, men- 
tioned above, is shifted to the lower photon energy by 0.4- 
0.7 eV. The reasons for this shift are not well understood. 
The densities of states (DOS) of these compounds are simi- 
lar. Both have large localized peaks of unoccupied states 
above the Fermi energy in the minority Mn d DOS well 
separated from the occupied states. The results of the elec- 
tronic structure calculations show that MnPtSb in the ground 
state is half-metallic, i.e., it has a gap at the Fermi energy 
(EF) in the minority spin states and no gap for majority spin 
states.1"3 MnPt3 is almost half-metallic with very low minor- 
ity DOS around EF} It is well known that LDA fails to 
describe properly the optical properties of systems with 
highly localized states. Recently, LDA+C/ approach has 
been used to get an improved description of the properties of 
some of the systems with localized states, where the 
Hubbard parameter U simulates correlations beyond the 
LDA.4 Another important parameter is the energy Ev about 
which expansion is carried out in the linear-muffin-tin-orbital 
(LMTO) method. Normally, Ev corresponds to the center of 
mass of the occupied states for a given orbital. Since the 
minority Mn d DOS primarily consists of a fairly localized 
and unoccupied band, the Ev should be the center of mass of 
the whole minority d band. This was not done in our earlier 
calculations. Therefore we study here the effect of U and Ev 

''Electronic mail: sjaswal@unlinfo.unl.edu 

for the minority Mn d band on the calculated Kerr rotation of 
MnPt3 and the results are compared with the experimental 
data. 

II. METHOD 

The LMTO method in the atomic sphere approximation 
(LMTO-ASA) is used to perform the self-consistent spin- 
polarized electronic structure calculations for all results pre- 
sented here, where the spin-orbit interaction is included in 
quasiperturbative manner.5 The details of the electronic 
structure calculations and procedure to calculate the Kerr ef- 
fect are given in Ref. 1. The lifetime parameter for the inter- 
band contribution (ft/r) is 0.4 eV. The collision frequency 
parameter (h/y) and the plasma frequency (h(op) are 0.3 
and 4.4 eV, respectively. The procedure to calculate the U 
parameter is quite standard and a complete description can 
be found in Ref. 6. The calculated U parameter is included in 
the LMTO code to take into account the correlation effects 
beyond the LDA.4'6 

III. RESULTS AND DISCUSSION 

Our recently calculated Kerr spectra for MnPt3 obtained 
using the LDA show a good agreement with experimental 
data except for an overall shift of about 0.5 eV.1 The present 
study is an attempt to improve upon this disagreement by the 
modifications to the calculational procedure commensurate 
with the electronic structure of this system. As mentioned in 
the introduction, we explore here the effect of Ev and U on 
the Kerr spectra of MnPt3. 

The main contribution to Kerr effect at low energies is 
due to the p-d transitions on Pt sites. The effect of the Mn 
atoms is to provide large exchange splitting. If the spin-flip 
transitions are neglected, the contributions from minority and 
majority spin channels can be found and this analysis shows 
that the Kerr effect is determined mostly by the majority 
spins for energies below 1.3 eV and-by the minority spins 
above this energy. This effect is due to the peculiarities of 

0021 -8979/98/83(11 )/6745/2/$15.00 6745 © 1998 American Institute of Physics 
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FIG. 1. Kerr rotation and ellipticity of MnPt3: Theory—solid line gives the 
results with £„ at the center of mass of the whole minority Mn d band and 
dashed line with Ev at the center of mass of the occupied band; 
experiment—triangles represent the 95 K data from Ref. 1 and crosses rep- 
resent the room temperature experimental results from Ref. 7. 

the electronic structure. Minority band has a very narrow 
localized peak about 1.5 eV above the Fermi energy. This 
peak is determined mainly by the Mn d states, but Pt p and 
d states also have peaks at this energy due to the hybridiza- 
tion effect. Majority spins have very small DOS in this en- 
ergy region. 

The calculated Kerr spectra for two values of Ev are 
compared with the experimental data in Fig. 1. The dashed 
line corresponds to our earlier spectra that are shifted with 
respect to the experimental data by — 0.5 eV. This is based 
on the Ev that is the center of mass of the occupied minority 
Mn d band. Because this band is mostly unoccupied, a better 
choice of Ev is the center of mass of the whole band. This 
produces an upward shift of Ev by 3.44 eV. The solid line in 
Fig. 1 is based on this value of Ev and is in much better 
agreement with the experimental data than that based on the 
previous choice of Ev. With the new Ev magnetic moment 
changes from 3.6 to 3.66/LtB. 

In an attempt to further improve the agreement between 
theory and experiment, we use the LDA+ U Hamiltonian 
where U is for the Mn d states. The U parameter is calcu- 
lated using constrained LMTO formalism in the atomic 
limit.6 The value of U for the d5 and d6 configurations are 
5.7 and 4.7 eV, respectively, while 7—0.8 eV for both con- 
figurations. Since the Mn d occupancy in MnPt3 is about 5.4, 
we use a value of 5 eV for U in one of the calculations. The 
calculated Kerr spectra are shown in Fig. 2. As can be seen 
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FIG. 2. Kerr rotation and ellipticity of MnPt3 as a function of U obtained in 
LDA+ U calculations. Experimental curves are the same as in Fig. 1. 

in Fig. 2, the disagreement between theory and experiment 
gets worse than before. A lower value of U (2 eV) improves 
the result somewhat (Fig. 2) but the agreement with the ex- 
periment is still worse than that without U. It can be seen 
from Figs. 1 and 2 that a small value of U can be chosen to 
remove the wiggle around 3.5 eV in the Kerr spectra without 
effecting the rest of the spectra. 

In conclusion, the Kerr spectra of MnPt3 are better de- 
scribed by LDA if LMTO linearization is done about the 
center of mass of the whole minority Mn d band instead of 
the occupied part only. The correlation effects beyond LDA 
introduced by the Hubbard term in the Hamiltonian do not 
play a significant role in this system. This should also be true 
for the Mn-based Heussler alloys with similar electronic 
structure. 
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in Pt/Co multilayers 

Xiang Gao,a) Michael J. DeVries, Daniel W. Thompson, and John A. Woollam 
Center for Microelectronic and Optical Materials Research and Department of Electrical Engineering, 
University of Nebraska, Lincoln, Nebraska 68588-0511 

Spectroscopic ellipsometry and magneto-optic Kerr effects are measured on Pt/Co multilayers with 
a series of Co layer thicknesses from 0.08 to 1 nm. An electromagnetic theory of multilayered 
structures allows regression analysis fits between acquired data and parameter dependent model 
analysis. Recently, we determined the single layer Co magneto-optic Voigt parameter and found that 
it depends on Co layer thickness. In the present work, we report an in-depth study of interfacial 
magneto-optic effects for a large number of Pt/Co multilayer samples. Kerr rotation and ellipticity 
were measured over the spectral range from 200 to 1700 nm. Voigt parameters of the magnetic 
layers for these Pt/Co multilayer samples with different thicknesses were compared, and the Pt-Co 
interface thicknesses were determined in terms of the material dielectric tensor. © 1998 American 
Institute of Physics. [S0021-8979(98)46711-2] 

I. INTRODUCTION 

Metallic multilayers of Pt/Co are very promising 
magneto-optic (MO) media, especially for the short wave- 
length range.1 Our recent studies have shown that the Pt-Co 
interface regions and the Co rich regions contribute differ- 
ently to the magneto-optic response, with the Pt-Co inter- 
face making the greater contribution.2 That is, off-diagonal 
components of the complex dielectric tensor for the Pt-Co 
interface are greater in magnitude than those of the Co rich 
regions. In the study reported in Ref. 2, the thicknesses of the 
interfaces were assumed to be equal to one atomic layer of 
Pt, since the growth was at room temperature, resulting in 
minor atom mixing. Also in our previous work, magneto- 
optic response studies were limited to the spectral range from 
300 to 700 nm. 

Due to the larger contribution of the Pt-Co interface to 
the total MO response, the actual thickness of this interface 
is very important for the optimum design of Pt/Co multilayer 
structures. In this article, MO data from a much wider spec- 
tral range for two sets of ten Pt/Co multilayer samples are 
presented. Each set has the same Pt layer thickness and a 
series of ten magnetic layer thicknesses from very thin to 
reasonably thick. The magnetic layer (denoted as "mag-opt" 
layer) includes the Co rich regions as well as the Pt-Co 
interface regions. The off-diagonal components of the mag- 
opt layer's dielectric tensor are determined from experiments 
using electromagnetic magneto-optic theory,3'4 in an effort to 
decide the beginning of the Co rich region and the thickness 
of Pt-Co interface. 

II. THEORY AND EXPERIMENT 

An electromagnetic theory (originally proposed by Liss- 
berger and others)5 was developed and simplified by 
McGahan and He for the case of normal incidence polar Ken- 

effects.3'4 A Jones matrix was used to describe the optical 
properties of the multilayer structure, as given by 

J= (1) 

The reflected light beam is related through this Jones matrix 
to the incident beam by Er=J-E!, where r and ;' denote 
"reflected" and "incident." Kerr rotation and ellipticity 6k 

and rjk are defined by 6k=Re{Kx/Rx} and T)k = Im{Kx/Rx}. 
For multilayer systems, each of the four elements in the 

Jones matrix is a function of the thickness and dielectric 
tensors of the individual layers. The uniaxially symmetric 
dielectric tensor is given by 

/ 

\ 

^■xy 

xy 

o 
(2) 

0 

a)Electronic mail: xgao@engrs.unl.edu 

and the Voigt parameters are defined as Q = ßi+7Ö2 
= — i exy lexx. The Q value is a direct indication of the mag- 
nitude of the MO response, which increases with increasing 
Voigt parameter.3'4 

To determine the MO responses of the multilayer struc- 
tures, in situ spectroscopic ellipsometry {in situ SE) analysis 
was used to determine the layer thicknesses and diagonal 
components of the dielectric tensor for each individual layer. 
In this article these are Pt and mag-opt layers. MO Ken- 
rotation and ellipticity data were then taken on the samples. 
The Voigt parameters were determined by regression fitting 
the MO data to models using Voigt parameters as variables.1 

The layer thicknesses and diagonal dielectric components 
were obtained from in situ SE. 

III. EXPERIMENTAL RESULTS AND ANALYSIS 

Two series of Pt/Co multilayer structures were deposited 
using dc magnetron sputtering. In situ SE data were taken 
during the depositions. The thicknesses for the Pt and mag- 
opt layers in the multilayer structures were determined using 
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TABLE I. Thicknesses of samples 1 through 10 (a), anc samples 11 through 20 (b) for two series of 50 period multilayers. 

(a) 
Sample No. 
(50 periods) 1 2 3 4 5 6 7 8 9 10 

Ptlayer thickness 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 1.02 
(nm) 
Mag-opt layer 0.08 0.16 0.24 0.32 0.40 0.47 0.55 0.71 0.87 1.03 
thickness (nm) 

(b) 
Sample No. 
(50 periods) 11 12 13 14 15 16 17 18 19 20 

Pt layer thickness 2.04 2.04 2.04 2.04 2.04 2.04 2.04 2 04 2.04 2 04 
(nm) 
Mag-opt layer 0.08 0.16 0.24 0.32 0.40 0.47 0.55 0.71 0.87 1.03 
thickness (nm) 

in situ ellipsometric analysis. Meanwhile, the optical con- 
stants (diagonal components of the dielectric tensor) of the Pt 
and mag-opt layer were determined. The thicknesses of the 
Pt and mag-opt layers of all samples are listed in Table I. 

Magneto-optic Kerr rotation and ellipticity data were 
taken using a modified ex situ ellipsometer system.6 The 
spectral ranges of the measurements were from 200 to 1700 
nm (0.73 to 6.2 eV). The MO data taken from all samples 
listed in Table I are shown in Fig. 1. As one can see from 
Figs. 1(a) and 1(b), the magnitudes of the MO Kerr rotation 
and ellipticity data increase as the mag-opt layer thickness 
increases from 0.08 to 0.87 nm, when the Pt layer thickness 
is fixed at 1.02 nm. There is almost no rotation or ellipticity 
change between samples 9 and 10. Likewise, for the data in 
Figs. 1(c) and 1(d), the responses increase as the mag-opt 
layer thickness increases from 0.08 to 0.71 nm when the Pt 
layer thickness is fixed at 2.04 nm. The effect saturates for 
mag-opt layers thicker than 0.71 nm, since the thicker Pt 
layer prevents the incident light from reaching the bottom 
mag-opt layers. (Note that there are 50 periods of the multi- 
layers.) 

Using the MO analysis described above, the Voigt pa- 
rameters for the mag-opt layers of each sample were deter- 
mined by regression fits.6 Fits were not unique for the 
samples with mag-opt layer thicknesses smaller than 0.32 
nm, likely because it is too thin to form an actual layer. Fits 
were excellent and unique for samples with mag-opt layer 
thicknesses equal to or thicker than 0.32 nm. The spectral 
range for Voigt parameter fits were limited to 280 to 760 nm, 
the same as the in situ SE spectral range. During the regres- 
sion fits, equal values of Voigt parameters were assumed for 
samples with the same mag-opt layer thicknesses but differ- 
ent Pt layer thicknesses.2 

In Fig. 2, the Voigt parameters at a wavelength of 350 
nm for samples with mag-opt layer thicknesses equal to or 
larger than 0.32 nm are plotted. We see that, starting from 
the sample with a 0.40 nm mag-opt layer thickness, the mag- 
nitudes of Voigt parameters decrease as the mag-opt layer 
thicknesses increase. However, the results are almost identi- 
cal for the sample with 0.32-nm-thick mag-opt layer and 
0.40-nm-thick mag-opt layer. As described in the Intro- 
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FIG. 1. (a) Kerr rotation data for samples 1 to 10 listed in Table I. (b) Kerr 
ellipticity data for samples 1 to 10 listed in Table I. (c) Kerr rotation data for 
samples 11 to 20 listed in Table I. (d) Kerr ellipticity data for samples 11 to 
20 listed in Table I. 
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FIG. 2. Voigt parameters Ql (a), and Q2 (b) determined from regression fits 
for the MO responses in Fig. 1 on samples 4 to 10 and samples 14 to 20. 

auction, there are actually two regions, the Co rich region 
and the Pt-Co interface, in the Pt/Co multilayer structure, 
and the Voigt parameters for the Pt-Co interface region are 
larger. Therefore, the pseudo-Voigt parameters (the Voigt 
parameter determined if there were only one homogeneous 
region) for both the Co rich region, and the Pt-Co interface 
should decrease with increase in mag-opt layer thickness. 
The equal Q values for the sample with 0.32-nm-fhick mag- 
opt layers and 0.40 nm mag-opt layers indicate that the Co 
rich regions have disappeared. On the other hand, the de- 

crease of the Voigt parameters for samples with mag-opt 
layer thicknesses larger than 0.4 nm indicates that the forma- 
tion of Co rich regions begins at a thickness of around 0.4 
nm (smaller than 0.47 nm). This is very close to the value we 
assumed in earlier research. 

IV. SUMMARY 

Wide spectral range magneto-optic Kerr rotation and el- 
lipticity responses from two series of Pt/Co multilayer struc- 
tures were measured. An optimal choice between Co layer 
thicknesses and number of multilayer periods can be made, 
thus maximizing the magneto-optic Kerr response for prac- 
tical applications. Finally, by comparing the Voigt param- 
eters of the magnetic layer for samples with mag-opt layer 
thickness greater than 0.32 nm, a Pt-Co interface thickness 
of around 0.40 nm was determined. 
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Optical and magneto-optical properties of Co/Pt/AIN multilayers 
R. Atkinson,3' P. M. Dodd, and I. W. Salter 
Department of Pure and Applied Physics, The Queen's University of Belfast, Belfast BT7 INN, 
Northern Ireland, United Kingdom 

P. J. Grundy and C. J. Tatnall 
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The optical and polar Kerr magneto-optical properties of a series of Co/Pt/AIN multilayers have 
been determined in the photon energy range 1.4-4 eV. Observations of the spectral variation of 
reflectivity are discussed in terms of the optical properties of the constituent materials using 
multilayer theory. Magneto-optic polar Kerr spectra over the same energy range are also discussed 
taking into account the modified magnetic properties resulting from undesirable structural changes 
in the films.   © 1998 American Institute of Physics. [S0021-8979(98)44511-0] 

INTRODUCTION 

The potential of Co/Pt multilayered media for magneto- 
optic (MO) data storage is widely recognized. However, the 
magnetic properties of Co/Pt are not ideal. The inclusion of a 
third material into the system has potential for changing 
magnetic properties such as the coercivity, anisotropy con- 
stant, and Curie temperature. Recently it has been shown1 

that, providing the additional material is a dielectric, the MO 
potential of the multilayered material remains unchanged, as 
judged by the figure of merit (FOM),2 

FOM=|ß|(r+r-1), (i) 

where Q is the Voigt parameter and T ( = nlk) is the ratio of 
the real and imaginary parts of the complex refractive index 
(n + ik). Although Q and T may vary on the inclusion of the 
dielectric component the FOM, in principle, does not. And 
performance can always be optimized to that of Co/Pt by the 
use of a carefully designed trilayer structure. We have at- 
tempted to fabricate multilayer systems consisting of Co, Pt, 
and A1N using a multisource, cluster magnetron sputter- 
deposition system. 

We present the results of a series of optical, MO, and 
magnetic measurements on several multilayers, where the 
thickness of the A1N layer was varied systematically. The 
spectral variation of reflectivity is discussed on the basis of 
the optical properties of the component materials and the 
MO properties, specifically, the polar Kerr rotation and ellip- 
ticity are considered in comparison with the known MO 
properties of Co, Pt, and Co/Pt. It will be shown, using mag- 
netic and structural data, that changes in MO activity are not 
due solely to the inclusion of a transparent medium but suf- 
fer significant deterioration due to interdiffusion of the A1N 
into the Pt layers and through the poor stoichiometry of the 
nitride layer. 

EXPERIMENT 

All samples were deposited using a multisource, cluster 
magnetron sputter-deposition system. Sputtering took place 

a'Electronic mail: ronald.atkinson@qub.ac.uk 

in argon at a partial pressure of 5 mTorr, with a previous 
base pressure of less than 2X10~7 Torr. Both Co and Pt 
were deposited using dc magnetron sources with deposition 
rates of 0.06 and 0.11 nm s_1, respectively, onto glass sub- 
strates at room temperature. 

The A1N was rf sputtered from a stoichiometric target. 
The deposition rates for Co and Pt were calculated using a 
TFOS software package in a scanning electron microscope 
(SEM). The A1N calibrated films could not be accurately 
measured owing to specimen charging in the SEM, hence a 
low angle x-ray diffraction was employed. The dielectric 
layer was multilayered with a thick (2 nm) layer of platinum 
and the bilayer repeated 20 times. By analyzing the diffrac- 
tion data the mean bilayer and dielectric thickness were 
evaluated and hence the associated A1N deposition rate was 
calculated as 0.78 nm s_1 at an applied power of 150 W. 

Two series of films were fabricated on glass substrates 
with a 5 nm Pt underlayer to induce preferred crystallo- 
graphic texture in the multilayer that is known to be benefi- 
cial for high remanence and anisotropy.3 Series (I) consisted 
of 10X(0.4nmCo/ZnmAlN/lnmPt) and series (II) was 
10X (0.4 nm Co/0.5 nm Pt/Z nm A1N/0.5 nm Pt), where Z 
ranged from 0 to 2 nm. 

RESULTS 

Using a normal incidence spectroscopic photometer the 
intensity reflectance (R) was determined for each sample in 
the two series. The results of these simple measurements are 
shown in Fig. 1. Generally, the behavior of R for both series 
is similar and this is to be expected since in the case of Z 
= 0.8 and 1.2 nm the structures contain the same amounts of 
each material. Moreover, because these are in the form of 
very thin layers they should have the same effective optical 
constants.4 What is particularly surprising is the magnitude 
of R, which increases with increasing A1N content and is 
higher than that for the pure Co/Pt multilayer. The latter is 
calculated on the basis of the optical constants of Co/Pt mul- 
tilayered structures.5 This result is totally unexpected since 
the addition of a transparent dielectric like A1N should re- 
duce the reflectivity below that of the pure metallic compo- 
nent. To illustrate what would be expected on the basis of the 
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FIG. 1. Normal incidence reflectance for (a) series (I) and (b) series (II). 
The solid and dashed curves are calculated and the points are measured data. 

optical constants of Co, Pt, and A1N we have calculated the 
reflectivity spectrum for the perfect structures. These are 
shown as the lower dashed curves in the two cases. In order 
two explain this anomalous result we considered the possi- 
bility that the A1N layer consisted of both A1N and free Al. 
By varying the proportion of free Al in the sublayers we 
were able to account for the increased reflectance. To illus- 
trate the improvement we consider the samples with Z 
= 1.2 nm. In Fig. 1(a) with each A1N layer made up from the 
equivalent of 0.4 nm of Al and 0.8 nm of A1N and in Fig. 
1(b), 0.3 nm Al and 0.9 nm A1N there is a much improved 
agreement with the measured values. Calculations were 
made using classical electromagnetic theory of multilayers as 
a first approximation in dealing with this problem. In light of 
the complex structures involved here and the uncertainties in 
the stoichiometry and form of the A1N layer the improve- 
ment is quite remarkable. Readers may note a reflectance 
shoulder at long wavelengths in these calculated curves. This 
is due to the rapidly changing optical constants of Al at a 
wavelength of 800 nm. In general this is not seen in the 

& 

■a 
S3 

HA(KOe) 

FIG. 2. Perpendicular and parallel hysteresis loops for film series (I). 

measured data except for that corresponding to the film with 
the thickest A1N layer [Fig. 1(b), Z=2 nm) which shows a 
turning point similar to that seen in the calculated curves. 
This is consistent with the above arguments, favoring the 
existence of significant amounts of free Al in the layers. 

Figure 2 show the perpendicular and in-plane hysteresis 
loops for the films in series (II). Similar loops can be ob- 
served for series (I). It is quite clear that the addition of A1N 
to this system results in a gradual decrease in perpendicular 
anisotropy and coercivity with the result that there is a pro- 
nounced shearing of the loop. In the case of Z=2 nm any 
residual anisotropy has been overcome by the demagnetizing 
fields and the easy axis of the sample lies in the plane of the 
film. Since it is known that the perpendicular anisotropy in 
Co/Pt multilayers arises due to interactions at the interfaces 
between Co and Pt, the loss of anisotropy is not surprising 
for the films of series (I) where the A1N) layer separates the 
Co and Pt. However, since the A1N layer in series (II) is 
located between two Pt layers, one might expect the anisot- 
ropy to remain. Evidently this is not the case. 

The polar Kerr rotation and ellipticity were obtained 
with the films in a magnetically saturated state, at normal 
incidence, using a rotating analyzer Kerr polarimeter with a 
precision of ±0.005°. The results are shown in Fig. 3 for 
both series of films, (I) and (II). For comparison the curves 
corresponding to Co/Pt are also shown. 
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FIG. 3. Measured complex Kerr rotation and ellipticity. Dashed lines- 
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It should be noted that the dominant component of the 
MO activity is associated with the Kerr rotation rather than 
with the ellipticity that is approximately a factor of 4 smaller 
over the whole spectral range. It is clear that as the amount 
of A1N increases the MO activity decreases. This is to be 
expected, even under ideal conditions since we are diluting 
the system with a nonmagnetic component. However, in this 
case the decrease is accelerated. On the basis of multilayer 
calculations, the variations seen in Fig. 3 cannot be repro- 
duced in detail, although some aspects of the curve shapes 
can be generated. The reasons for the deteriorating perfor- 
mance of both sets of films are complex and will be dis- 
cussed below. 

One can observe that the Kerr rotations produced by 
series (I) are significantly lower than those in series (II) for 
the same A1N thickness. The reason for this is that in the 
former the dielectric layer directly interrupts the Co-Pt in- 
terface. This has the effect of reducing the perpendicular 

interfacial anisotropy. This is clearly indicated by the mag- 
netic properties of the films. In addition, since the polariza- 
tion of the Pt layers has its origins at this interface,6 this too 
is reduced and the magneto-optic contribution of the Pt com- 
ponent is lost. The result is a massive decrease in magneto- 
optic activity. In the case of the second series the A1N layer 
is situated between the two Pt layers each of which forms an 
interface with Co. Nevertheless the MO activity is less what 
might be expected. This may be caused by the existence of 
the free Al component referred to in the discussion of the 
optical properties. The intimate mixing of an optically ab- 
sorbing nonmagnetic element to any magneto-optic structure 
like this will cause a decrease in magneto-optic effects. In 
addition, it is clear that perpendicular anisotropy is also be- 
ing lost. The implication is that, despite the fact that the A1N 
layer is deposited between Pt, there is a disruption of the 
Co/Pt interfaces, resulting in lost anisotropy and hence re- 
duced polarization of the Pt and even perhaps lost magneti- 
zation within the Co layers. Some evidence for interdiffusion 
of the elements of these structures caused by the presence of 
the A1N has been reported in an earlier paper.7 Clearly, if this 
interfacial mixing occurs in the case of series (II), then it is 
also likely to be present in series (I), and with even greater 
effect. 

SUMMARY 

Two series of Co-AIN-Pt multilayer samples were fab- 
ricated by magnetron sputtering in an attempt to demonstrate 
that MO potential is not a function of the thickness of the 
dielectric layer. However, the magnetic perpendicular anisot- 
ropy normally associated with Co/Pt multilayers is gradually 
reduced with increasing A1N content whether the A1N is lo- 
cated between the Co and Pt or between two Pt layers. Mea- 
surements of optical reflectivity suggest that free Al is 
present in the structures and may indicate that nitrogen dif- 
fuses through the structure gradually disrupting the 
multilayer structure. This causes a severe reduction in MO 
activity through the loss of polarization of the Pt and perhaps 
lowering the magnetization of the Co layers. The deteriorat- 
ing film properties make further meaningful analysis unprof- 
itable. 
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The effect of Pt additives in TbFeCo(Pt)/Pt multilayers on magnetic properties and magneto-optical 
Kerr effect is investigated. The perpendicular magnetic anisotropy Ku of the multilayer becomes 
larger (~ 2 X 106 erg/cm3) than that of the TbFeCo(Pt) single layer. Pt layers are found to contribute 
significantly to the polar Kerr spectra at ultraviolet photon energies beyond 4 eV. The largest 
enhancement in the Kerr rotation 0K is found at about 5 eV. The Kerr rotation 6K and ellipticity rjK 

are enhanced with increasing Pt lay er-thickness tn, and become saturated at fPt= 12 A. This result 
implies that Pt atoms up to about 6 Ä from the interfaces are contributing to the Kerr activity. 
© 1998 American Institute of Physics. [S0021-8979(98)21911-6] 

I. INTRODUCTION 

Future high density optical recording technology re- 
quires novel materials with high polar Kerr activities at short 
wavelengths. TbFeCo amorphous films currently used ex- 
hibit a substantial reduction in Kerr activity with decreasing 
wavelength1 and therefore, it is desirable to enhance it by 
adding some elements. Pt is known to be effective in enhanc- 
ing the magneto-optical Kerr effect at short wavelengths, as 
demonstrated in Co/Pt multilayers.2"4 Awano et al. indicated 
that the Kerr rotation of the rare-earth transition-metal (RE- 
TM)/Pt multilayer was larger than that of the RE-TM single 
layer at X. down to 300 nm.5 

In order to clarify the effect of Pt in the TbFeCo/Pt 
multilayer, a systematic study of the dependence of magnetic 
and magneto-optical properties on Pt layer thickness has 
been made. The magneto-optical Kerr effect of the multilay- 
ers was examined in ultraviolet photon energies ( — 6.8 eV) 
for the first time. 

II. EXPERIMENT 

Multilayered films of TbFeCo(Pt)/Pt were fabricated by 
sputter deposition in Ar atmosphere. The base pressure of the 
sputtering chamber is better than 5 X 10"8 Torr. Ar gas pres- 
sure during the deposition is 5 mTorr. The samples were 
fabricated by depositing TbFeCo and Pt onto glass sub- 
strates. The deposition rate for both was 0.5-1 A/s. The Pt 
mixture in the TbFeCo layer was detected at a level of less 
than 1 at % by electron probe microanalyzer (EPMA), al- 
though the attempt was made so that the vapor streams were 
interrupted alternately for programmed times with shutters. 
The composition of the TbFeCo(Pt) layer exhibited to be TM 
rich. The thicknesses of TbFeCo (= fjbFeCo) and Pt layers 
(= fPt) were varied from 10 to 50 Ä and 0 to 24 Ä, respec- 
tively. The total thickness of the multilayer was designed for 
250 and 500 Ä. Measurements of magnetic properties were 
carried out using a vibrating sample magnetometer (VSM), 
an alternating gradient field magnetometer (AGFM), and a 
torque magnetometer. The magneto-optical Kerr effect and 

"'Electronic mail: d2syito@ypcfsl.toyota-ti.ac.jp 

optical constants were measured using a Kerr spectroscope in 
a photon energy from 1.4 to 6.8 eV (X= 182-886 nm). De- 
tails of the setup are described elsewhere.6 

III. RESULTS AND DISCUSSION 

A. Magnetic property 

Samples with a total thickness of the multilayer between 
450 and 500 Ä were prepared by sputter deposition. A 30 A 
thick Pt layer was used as an overcoat on each film for pro- 
tection. Hysteresis loops measured for these samples by 
AGFM are shown in Fig. 1. This figure indicates the depen- 
dence of hysteresis loops on Pt layer-thickness tPt for a con- 
stant TbFeCo(Pt) layer-thickness TbFeCo of 50 Ä. The 
TbFeCo(Pt) single layer of the same total thickness, i.e., fPt 

= 0, is also given in Fig. 1 for comparison. For all the Pt 
thicknesses under consideration, the hysteresis loops main- 
tain the perfect squareness, though a small kink is observed 
at very small fields. As tPi increases, the saturation magneti- 
zation Ms also increases, and the coercivity Hc decreases 
except for the case of tPt= 1 Ä. 

Figure 2 shows the coercivity Hc as a function of tPt for 
various fjbFeCo- At fPt=0.5Ä, Hc increases drastically for 
the cases of ?TbFeco= -^ an^ 50 Ä, and then decreases mo- 
notonously. The increase in Hc is not due to a compensation 
point because the polarity of the Kerr effect does not change 
on both sides. The Barkhausen volume VB was measured 
through the apparent coercivity as a function of the sweeping 
speed for the magnetization curves.7 It was found that the VB 

values are indeed the smallest for this tPt region. Therefore, 
the rapid increase of Hc is due to an increase in pinning sites 
over the interfacial regions. 

Figure 3 shows the dependence of Ku on tPt for various 
^TbFeCo • Ku i

s tne intrinsic perpendicular magnetic anisotropy 
constant, defined as K0 + 2TTM^, where KQ is the torque am- 
plitude extrapolated to an infinite field strength. As seen in 
this figure, Ku increases with tPt for all the cases. Ku be- 
comes significantly larger for fPt>3 Ä at ?TbFeCo= 50 Ä, and 
for fPt>lA at fTbFeCo=30Ä. For the case of fxbFeCo 
= 10 Ä, it seems that tPt< 1 Ä is enough to increase Ku. The 
small Ku at fPt=0 is due to the Pt dilution (~ 1 at %) in the 
TbFeCo. Katayama et al. also reported that the Pt addition 
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decreases Ku in amorphous RE-TM films. From this point 
of view, the multilayered film has an advantage. The critical 
point, at which each Ku becomes saturated, seems to be re- 
lated to the ?pt/?TbFeCo ratio. 
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B. Magneto-optical property 

Very thin multilayers, of which a total thickness is about 
250 Ä, were deposited on a 750 Ä thick Pt reflector for this 
measurement. Neither any overcoat nor enhancing layer was 
deposited on each multilayer. This structure is suitable for 
obtaining an intrinsic Kerr spectrum of a multilayer without 
optical interference effects. The magneto-optical Kerr effect 
just after the deposition was measured. 

Figure 4 shows the photon energy dependence of (a) the 
Kerr rotation angle 6K, (b) ellipticity TJK , and (c) Kerr sig- 
nal S = R(62

K+ y2
K)
m, where R is the reflectivity calculated 

by measured optical constants, for various Pt layer- 
thicknesses t?l and a 30 Ä thick TbFeCo(Pt). As seen in this 
figure, the absolute value of Kerr rotation increases with in- 
creasing Pt layer thickness. This implies the enhancement is 
due to Pt. The enhancement becomes evident at ultraviolet 
photon energies beyond 4 eV. The peak position of the 6K 

enhancement is about 5 eV. Pt layers have a negative effect 
for the enhancement on r)K at photon energies <5 eV and a 
positive effect at > 5 eV. It is found that the enhancements 
of both 0K and r]K become saturated at fPt= 12 A. This result 
is of interest since one can estimate a range from the inter- 
face to be 6 Ä (half the tPt), under which Pt atoms are likely 
being polarized, giving rise to the higher Kerr activity. As a 
result, the difference (enhancement) of dK value at 5 eV 
reaches 0.23°. The Kerr signal in Fig. 4(c) reflects those 
results, and it becomes larger to 2.5 times at 5 eV. 

IV. SUMMARY 

A systematic experimental study to examine the effect of 
Pt on both magnetic and magneto-optical properties is pre- 
sented. The large Hc (>20kOe) is obtained at about tPt 

= 0.5 Ä for 50 Ä thick TbFeCo(Pt)/Pt multilayers. Ku ini- 
tially increases with fPt, and then remains constant (~2 
X106 erg/cm3) for thicker values. From this point of view, 
the multilayered film has an advantage for enhancing Hc and 
Ku. The effect of the addition of Pt layers on the Kerr spec- 
tra becomes evident at ultraviolet photon energies beyond 4 
eV. The largest enhancement in 6K takes place at around 5 
eV. The 8K is enhanced with increasing fPt. In the case of 
fTbFeCo=30Ä multilayers, the enhancements of both the 
Kerr rotation 6K and ellipticity rjK become saturated at about 
fPt= 12 Ä. This result implies that Pt atoms up to about 6 A 
from the interfaces are contributing to the Kerr activity. 
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Magnetooptical properties of Sc-substituted erbium-iron-garnet 
single crystals 
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The magnetooptical properties of Er3Fe5_zSa,Ol2 (z = 0.10 and 0.30) single crystals are presented 
and compared to those of pure ErIG. Faraday rotation (FR) measurements at 1152 nm wavelength 
were performed in the 6-600 K temperature range under a magnetic field of up to 20 kOe applied 
parallel to the [100] and [111] crystallographic axes of the crystals. The compensation temperature 
Tcomp is shifted from 80 (z = 0) to 51 K (z = 0.30). Below Tcomp, the diamagnetic Sc3+ substitution 
in the octahedral Fe3+ sublattice also has a strong influence on FR anisotropy: both spontaneous FR 
<&s and FR susceptibility XF=d^ldH show that the "easy" FR axis changes from [111] in ErIG 
(z = 0) to [100] for z = 0.30. The FR isotherms (z = 0.30) for the [111] direction show a nonlinear 
behavior in the 20 K-rcomp temperature region. © 1998 American Institute of Physics. 
[S0021-8979(98)44611-5] 

I. INTRODUCTION 

In ferrimagnetic rare earth-iron-garnet, formula of 
RE3Fe5012 (REIG), the magnetic ions are distributed over 
three crystallographic sites: octahedral site 16a[Fe3+], tetra- 
hedral site 24d(Fe3+), and dodecahedral site 24c{RE3+}.' 
The Fe[a]-Fe(rf) superexchange interactions determine the 
Neel temperature (TN= 560 K) for all REIGs. In heavier rare 
earth garnets, the influence of the rare earth is manifested by 
a compensation temperature Tmmp at which the bulk magne- 
tization vanishes. In pure ErIG, rcomp is equal to 80 K.2 

At low temperature (T<Tcomp), ErIG presents aniso- 
tropic physical properties which were studied using different 
techniques, particularly magnetization,2 neutron diffraction,3 

and magnetooptical (MO) properties.4-6 These different re- 
sults, sometimes confusing or contradictory due in part to the 
sensitivity of the anisotropy properties to magnetic and ther- 
mal sample history,3 enable one to distinguish, between the 
magnetic and MO Faraday rotation (FR) anisotropy proper- 
ties performed on the same monocrystalline samples. 

MO results indicate that [111] is the "easy" axis of 
ErIG corresponding to the greatest FR absolute values.6'7 

Concerning the magnetic anisotropy, the spontaneous mag- 
netic properties show that a spin reorientation occurs at 
— 50 K (Ref. 2) and that the easy magnetic axis is [100] at 
low temperature. Nevertheless, the spontaneous magnetiza- 
tion along [100] and [111] is only slightly different as was 
shown for rare earth-iron-garnets where the rare earth (here 
Er3+) is a Kramers ion.8 Moreover, below — 75 K in ErIG, in 
the rare earth sublattice, when both crystal field effects and 
exchange Fe3+-RE3+ interaction anisotropies become of the 
same order of magnitude, the ferrimagnetic order is de- 
stroyed and an onset of a noncollinear ordering takes place in 
the   {c}    sublattice   as   shown   by   neutron   diffraction 

experiments.2'3 Finally, an anomally in the magnetic anisot- 
ropy near 6 K has been observed recently9 which was related 
to the splitting of the lowest Kramers doublet of Er3+ by the 
anisotropic exchange interaction with the iron sublattices. 

An effective mean of modifying the exchange interac- 

by     diamagnetic     ones     in 
(M=A1, Ga, Sc). In contrast to Al3+ 

„3 + 

RE3Fe5_zM~012     garnets 
and Ga~    ions which 

substitute to Fe' ions on both tetrahedral (d) and octahedral 
[a] sites with a large tetrahedral preference, Sc3+ ions sub- 
stitute almost exclusively to Fe3+ on octahedral sites10 and 
have a stronger influence on the RE-Fe exchange interaction 
than AP+ or Ga 3+  10,11 However, the influence of the dia- 
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magnetic scandium substitution on the magnetic and MO 
properties of garnets has been limited mainly to yttrium- 
iron-garnet compounds Y3Fe5_zSc20|2.10 We present here 
for the first time, to the best of our knowledge, the MO 
properties of Er3Fe5_zSczOl2 (z = 0.10 and 0.30) single crys- 
tals and in particular Faraday rotation at 1152 nm wave- 
length. In order to emphasize the influence of Sc substitution 
on the MO properties of ErIG, FR measurements were per- 
formed for the same experimental conditions as a function of 
temperature and magnetic field oriented along the principal 
crystallographic axes [100] and [111] and compared to pre- 
vious results on pure ErIG.4"6 The magnetic properties of 
these compounds will be described in a forthcoming paper. 

Using the method of flux growth under 10 bar of oxygen 
pressure, single crystals of Er3Fe5_zScz012 with z = 0.10 and 
0.30 were synthesized. The scandium content was deter- 
mined by electron microprobe analysis to within ±2% ac- 
curacy. X-ray diffraction measurements were in agreement 
with the garnet la 3d structure, the lattice parameters being 
1.2347, 1.2358, and 1.2379 nm for z = 0, 0.10, and 0.30, 
respectively. Polished platelets —0.4 mm thick oriented per- 
pendicular to the [111] and [100] axes were obtained from 
the same "as grown" crystal to avoid the slight Sc concen- 
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tration difference which can occur between different crystals 
of the same batch. FR measurements $ were performed at 
temperatures between 6 and 600 K under a magnetic field of 
up to 20 kOe applied parallel to the [111] or [100] direction 
at a wavelength of 1152 nm using a modulation technique. 
This wavelength is in the transparency window of the 
garnet—the nearest Er absorption lines are located at about 

transition) and at about 10000 cm"1 

4iW2 transition)12—and the MO properties presented 
in this article are mainly dispersive. The experimental accu- 
racy is estimated to ±2% for <E>. It is to be noted that the 
samples are cooled to the lowest temperature in the absence 
of a magnetic field prior to FR measurements. 

II. RESULTS AND DISCUSSION 

FR isotherms &(H) are plotted in Fig. 1 (z = 0.10) and 
Fig. 2 (z = 0.30). They present a linear part when H^Hsat. 
A least-squares fit of these linear isotherms using «5 = 3^ 
+

 XF H giyes the spontaneous FR <&s(T,z) and FR suscep- 
tibility XF(T,Z). For all Sc concentrations, two different 
temperature regions are evidenced according to rcomp of the 
samples. In the vicinity of rcomp, FR isotherms are no longer 
linear and the FR changes its sign within rcomp±2 K, keep- 
ing the same absolute values. The values of rcomp are 71 and 
51 K for z = 0.10 and 0.30, respectively. 

Below rcomp, Hsat is strongly dependent on the Sc con- 
centration, orientation, and temperature of the sample and a 
strong FR anisotropy is observed. When z = 0.10 and H par- 
allel to [111] (Fig. 1), Hsai is a complex function of tempera- 
ture and presents a maximum //sat= 12 kOe in the 15-25 K 
temperature region. This is in contrast with the FR isotherms 
for z = 0.10 and H parallel to [100]: in this case, #sat is at 
most 4 kOe at 6 K. Concerning the linear part of the iso- 
therms, they are identical within experimental accuracy for 
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FIG. 2. FR isotherms of ErIG:Sc (z = 0.30) at 1152 nm. To avoid confusion, 
the <t> axis is broken according to different isotherms. Closed symbols: H 
parallel to [100]. Open symbols: H parallel to [111]. 

z = 0.10 and H parallel to [100] and [111] giving the same 
FR spontaneous values, 3>s, and FR susceptibilities, XF- 

When z = 0.30, the anisotropy below rcomp is much stronger 
(Fig. 2). When H is parallel to [100], #sat is at most 4 kOe in 
the whole temperature range. On the contrary, when H is 
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parallel to [111], Hsat is strongly temperature dependent and 
the FRs are nonlinear in the 20 K-rcomp temperature zone. 
When T>Tcomp (Fig. 2), the anisotropy of the FR is no 
longer present and //sat is of the order of 2 kOe for all con- 
centrations and orientations. 

The influence of the Sc concentration on the MO prop- 
erties of the samples is best evidenced by the spontaneous 
FR ®S(T) presented in Fig. 3 for z = 0, 0.10, and 0.30. Be- 
low rcomp, the FR anisotropy is present for z = 0 and 0.30. 
The greater spontaneous absolute values are obtained when 
H parallel is to [111] for z = 0 and H is parallel to [100] 
when z = 0.30. The smallest values of //sat are obtained for 
[100] and [111] when z = 0.30 and 0, respectively. This in- 
dicates that in the experimental magnetic field range 0-20 
kOe, the "easy" axis is shifted from [111] in pure ErIG 
garnet to [100] in ErIG:Sc with the greatest amount of Sc in 
the samples studied. This is confirmed by the behavior of the 
intermediate Sc concentration z = 0.10. In this case, no FR 
anisotropy is observed within experimental accuracy. The 
only observed FR anisotropy concerns the "saturation" 
magnetic field which differs strongly as stated above. 

This behavior is confirmed for the FR susceptibility, 
Xp(T,z) (Fig. 4). In this case, the lowest XF values corre- 
spond to the easy axis as |^| = |<i<E>/ß?//| is minimal at satu- 
ration. The easy axis is well shifted from [111] to [100] 
when z varies from 0 to 0.30. Note the discontinuity in the 
vicinity of rcomp. 
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FIG. 5. Temperature variation of the spontaneous FR of Y3Fe5_;.Scz012 
(z = 0.30) for H parallel to [100] and [111]. 

Within the framework of the one ion model,13 the FR of 
a three sublattice rare earth-iron-garnet is given by 

(^)ErIG:Sc=<3E)Er+<3E)YIG:Sc=±(Ce+C„,)|Mc| + <I) YIG:Sc. 

comp 

(1) 

where <E>Er(^,71 is the Er3+ contribution to the spontaneous 
FR and the contributions from the Fe3+ [a] and (d) sublat- 
tices are represented experimentally by the FR at the same 
wavelength of the corresponding YIG garnet of the same 
composition." Upper (lower) signs are valid for T<T{ 

(T>Tcomp). Cem{\) are the respective MO electric "e' 
and magnetic "HI" dipole coefficients of the {c} sublattices 
with magnetizations MC(T). 

We plotted in Fig. 5 the spontaneous FR of 
Y3Fe5_zScz012 single crystals for z = 0.30 with H parallel to 
[111] and [100]. Within experimental accuracy, no signifi- 
cant FR anisotropy is observed (maximum difference 4% at 
6 K and less when T increases). For the magnetic anisotropy 
of YIG:Sc, the scandium substitution leads only to a varia- 
tion of the K\ anisotropy constant smaller than 30% at 4.2 K 
when z = 0.30.14 Therefore, the FR anisotropy observed in 
the ErIG:Sc single crystals is related to the Er sublattice.2 
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Crystal ion slicing of single-crystal magnetic garnet films 
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Epitaxial liftoff has been used for achieving heterogeneous integration of many III-V and elemental 
semiconductor systems. However, it has been heretofore impossible to integrate devices of many 
other important material systems. A good example of this problem has been the integration of 
single-crystal transition metal oxides on semiconductor platforms, a system needed for on-chip thin 
film optical isolators. We report here an implementation of epitaxial liftoff in magnetic garnets. 
Deep ion implantation is used to create a buried sacrificial layer in single-crystal yttrium iron garnet 
(YIG) and bismuth-substituted YIG (Bi-YIG) epitaxial layers grown on gadolinium gallium garnet 
(GGG). The damage generated by the implantation induces a large etch selectivity between the 
sacrificial layer and the rest of the garnet. Ten-micron-thick films have been lifted off from the 
original GGG substrates by etching in phosphoric acid. Millimeter-size pieces of excellent quality 
have been transferred to the silicon and gallium arsenide substrates. Study of the magnetic domain 
structure in the detached epilayers by Faraday contrast shows no changes in film anisotropy. Optical 
insertion loss measurements are also presented. © 1998 American Institute of Physics. 
[S0021-8979(98)31611-4] 

The integration of magnetic garnet waveguides into sili- 
con, gallium arsenide or indium-phosphite-based photonic 
integrated circuits (PICs) is of considerable technological 
importance. Optical isolators and circulators, which are es- 
sential components in the laser-source emitter end of the cir- 
cuit, rely on the nonreciprocal properties of magnetic garnets 
for their operation. Bismuth-substituted yttrium iron garnet 
(Bi-YIG) and other rare-earth magnetic garnet films, used in 
the fabrication of these devices, are normally grown by 
liquid-phase or radio frequency sputter epitaxy on gado- 
linium gallium garnet (GGG) substrates. As a result it would 
be useful to develop viable techniques for on-chip integra- 
tion of isolator materials. Despite several attempts, epitaxial 
growth of single-crystal magnetic garnets has not been real- 
ized on semiconductor substrates. As a result the integration 
of magneto-optic isolators and circulators into photonic cir- 
cuits must rely on hybrid mounting techniques or wafer 
bonding and epitaxial liftoff. 

The technology for epitaxial liftoff has been developed 
mostly in III-V semiconductors. It makes use of the large 
differential etch rate between a buried sacrificial layer and 
the epitaxial structure of interest to detach the latter from the 
substrate on which it has been grown. The technique was 
pioneered by Yablonovitch et al.x by relying on the high etch 
selectivity of AlAs over AL-Gai^As in hydrofluoric acid. 
Subsequent work has demonstrated the liftoff of epitaxially 
grown layers in other III-V materials and the bonding of 
such layers on a variety of substrates. More recently Hunn 
et al.2 have also demonstrated the separation of thin single- 
crystal diamond films from bulk diamond. 

The work that we report here studies the technique of 
crystal ion slicing (CIS) for liftoff of a thin epitaxial layer. In 

a,Electronic mail: MIGUEL@CUMSL.CTR.COLUMBIA.EDU 

this technique buried sacrificial layers are formed in mag- 
netic garnets, allowing the subsequent liftoff and bonding of 
~10-/xm-thick films to semiconductor substrates. Deep ion 
implantation is used to generate a damage layer several mi- 
crons beneath the sample surface. Since residual ion damage 
can, in principle, affect the top surface, techniques to mini- 
mize this damage should be examined in order to produce 
high quality films. For example, we have found that rapid 
thermal annealing eliminates this residual damage without 
jeopardizing the epitaxial liftoff process. Films of excellent 
quality are detached from the original substrate and van der 
Waals bonded to silicon and gallium arsenide. Faraday con- 
trast examination of the magnetic domains in the samples 
shows that there is no noticeable change in the coercivity of 
the garnet as a result of the epitaxial liftoff process. 

The samples used in this study are 10-fim and 95-/j,m- 
thick single-crystal films of YIG grown by liquid-phase epi- 
taxy on a (lll)-oriented GGG substrate. These epitaxial 
films have a formula unit of Y3Fe5012, with small amounts 
of lanthanum to improve lattice matching to the GGG sub- 
strate. Three-yum-thick Bi-YIG epitaxial films on GGG are 
also used to study the effect of ion implantation below the 
epilayer/substrate interface. The uniaxial growth anisotropy 
in these samples, typical of Bi-YIG films, results in the for- 
mation of magnetic domains with the magnetization directed 
normal to the sample surface. These domains can be easily 
observed via Faraday-contrast microscopy and their response 
to an applied magnetic field is used here to study the effect 
of ion implantation and epitaxial liftoff on the magnetic 
properties of the sample. The bismuth-substituted epilayers 
have a formula unit of Bi0 6Y2.4Fe5Oi2, with trace amounts of 
gallium. 

Singly charged 3.8 MeV helium ions are implanted nor- 
mal to the surface into the YIG and Bi-YIG epilayers, with- 
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out any masking. The implant dose on all samples is 5 
X 1016 ions/cm2. The samples are mounted on a specially 
designed, 2 in. diam water-cooled target holder to ensure that 
the temperature of the substrate is below 400 °C. As an 
added precaution the beam current during the implant is kept 
low (<0.25 fiA/cm2). These precautions are necessary to 
avoid thermal modification of the optical absorptivity and 
magnetic anisotropy of the sample during implantation. The 
uniformity of the implantation is monitored by four Faraday 
cups outside the target holder. 

Helium is chosen as the implantation species because of 
its light weight, yielding a deeply buried damage layer. Two 
dominant mechanisms for energy loss determine the implan- 
tation profile and the distribution of lattice damage in the 
crystal.3 The energy loss per unit trajectory length, known as 
the stopping power, is dominated by electronic scattering at 
high ionic energies. Energy loss for this process is ad- 
equately described by the Lindhard-Scharff-Schiott (LSS) 
theory,4 which predicts a stopping power proportional to 
Em. Here E is the energy of the implanted ion along its 
trajectory. This process generates very little lattice damage.3 

At low energies the stopping power is primarily due to Ru- 
therford scattering with the host nuclei, and is inversely pro- 
portional to E2. This nonlinear dependence ensures that the 
majority of the ions are deposited in a relatively narrow spa- 
tial region of the sample. 

Lattice defects are introduced by the transfer of energy 
to the target nuclei, and therefore form near the end of the 
ionic trajectories. Transport-of-ions-in-matter5 (TRIM) calcu- 
lations for helium implanted at 3.8 MeV of energy into YIG 
show that the implantation profile is rather narrow and con- 
centrated approximately 9.3 /im below the surface. Calcu- 
lated profiles for the Bi-YIG samples exhibit an implantation 
depth of 8.8 /xm. Tests were also performed in the same 
materials for neon implantation, at the same energies and 
dosage as indicated above. Crystal ion slicing of the neon- 
implanted samples was unsuccessful due to the much higher 
level of near-surface damage generated by the heavier neon 
ions. 

Insertion loss measurements in waveguided transmission 
were performed on the 3-yU.m-thick Bi-YIG epitaxial films. 
These tests compared the transmitted optical power of im- 
planted and unimplanted samples at a wavelength of 1.55 
fim. In these samples the sacrificial layer due to the implan- 
tation forms about 6 (im below the waveguiding slab, in the 
GGG substrate. Figure 1 shows the total insertion loss rela- 
tive to the optical fiber output power used to couple light into 
the waveguide by end-fire coupling. The data exhibit an ex- 
cess loss of more than 5 dB in the ion-implanted material 
throughout the range of waveguide lengths studied. This ex- 
cess loss is due to residual damage inflicted by the ion bom- 
bardment on the Bi-YIG epilayer during the implantation. It 
can be annealed out by rapid thermal annealing (RTA) with- 
out compromising the effectiveness of the epitaxial liftoff, as 
described below. Samples annealed after implantation ex- 
hibit no excess transmission loss relative to the unimplanted 
material, as shown in Fig. 1. 

The samples are etched in commercial 85% dilution or- 
thophosphoric acid, an etchant reported previously for lateral 
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FIG. 1. Insertion loss vs slab waveguide length in Bi-YIG epilayers. The 
loss is measured relative to the input power. Triangles correspond to im- 
planted material without annealing (RTA), circles to implanted and annealed 
samples, and rhombi to unimplanted material. The plot shows that there is 
no degradation in insertion loss for ion-implanted waveguides after rapid 
thermal annealing, relative to the unimplanted material. 

patterning of ion-implant waveguides in YIG. A deep un- 
dercut forms after several hours, centered about 9.5 /um be- 
low the top surface in the YIG and 9 /j,m in the Bi-YIG. The 
location of the undercut is in good agreement with the cal- 
culated implantation profile. Figure 2 is a micrographic side- 
view of the etched bismuth-substituted sample, showing the 
liftoff film still attached to its original substrate. Note that the 
Bi-YIG/GGG interface, located 3 /jm below the top, appears 
visually unaffected by the ion implantation and subsequent 
etching. In particular, it exhibits no selective etching in spite 
of being traversed by the ionic trajectories during the implan- 
tation. The underside of the film, adjacent to the sacrificial 
layer, is also microscopically smooth. 

If unprotected during etching, the top surface of the 
sample is roughened by exposure to the acid. This roughen- 
ing is due to residual lattice damage near the top generated 
by the ion implantation, and correlates with the damage- 
induced excess loss in the optical measurements described 
before. Rapid thermal annealing before etching but after im- 
plantation repairs this residual damage without compromis- 
ing the efficiency of the subsequent wet etching of the buried 
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FIG. 2. Cross section of ion-implanted Bi-YIG showing the undercut as a 
result of wet etching in phosphoric acid. Note the smooth Bi-YIG/GGG 
interface ~3 fjum below the top surface. 

FIG. 3.  Scanning electron micrograph of a fracture-free YIG film after 
epitaxial liftoff, onto a GaAs(lOO) wafer substrate. 

layer. Specifically, tests show that a 20 s anneal (RTA) at 
700 °C in forming gas (5% hydrogen, 95% nitrogen) results 
in a smooth surface.7 The differential etch rate between the 
sacrificial layer and the rest of the sample is found by com- 
paring the etch rate of the undercut to that of the top surface 
under the same conditions, and is measured to be in excess 
of 103. 

To fully detach a section of film of a square millimeter 
area from the substrate, the sample must be in the etchant for 
about 24 h. But contrary to the case of III-V materials, it is 
not necessary to rely on the stress created by any protective 
cover to allow the flow of reaction products away from the 
etching zone.1 The films are then van der Waals bonded to 
silicon or GaAs. Figure 3 shows a YIG film bonded to GaAs. 
YIG films are quite brittle and must be handled carefully to 
avoid developing microfractures during the processing. We 
have been able to produce fracture-free films routinely, but 
have found that some protective encapsulation is needed to 
prevent cracks from developing.7 Initial tests indicate that 
this fracture formation is due to stress from bowing of the 
epilayer during the etching process. 

The domain structure in YIG and Bi-YIG films after 
epitaxial liftoff was studied by Faraday contrast microscopy. 
The YIG samples used were (111) films with nearly planar 
anisotropy and some residual cubic anisotropy. Their mag- 
netization was parallel to the [211] directions. The Bi-YIG 
films had uniaxial anisotropy. No change in anisotropy oc- 
curred as a result of the ion implantation and liftoff proce- 

dure. This contrasts with the effect of energetic heavy-ion 
implantation in garnets, where damage-generated changes 
are found in the domain structure.8 Electronic-dominated 
scattering is responsible for the stopping power in the YIG 
and Bi-YIG epilayer, causing little damage to the film except 
in and around the sacrificial layer. Comparison between the 
saturation magnetic field in the Bi-YIG crystal before and 
after implantation and liftoff shows no change within experi- 
mental uncertainty. Thus no significant degradation in the 
magnetic response results from damage-generated domain 
pinning during the crystal ion slicing. 
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Faraday rotation and magnetic properties of erbium gallium gallate 
under high magnetic field 

M. Guillot,a) T. Schmiedel,b) and You Xuc) 

Laboratoire des Champs Magnetiques Intenses, CNRS/MPI38042 Grenoble, France 

Magnetization (M) and Faraday rotation (FR) have been measured in Er3Ga5012 single crystals in 
the 4.2-300 K temperature range under high dc magnetic field up to 300 kOe. Experimental data are 
reported for H applied parallel to the [111] and [100] directions at 633 and 550 nm wavelength. A 
strong anisotropy of both magneto-optical and magnetic properties is observed. At low temperature, 
FR and M are proportional only when the magnetization is weak (small magnetic field). In medium 
and high magnetic field, complex relationships between M and FR are found. The magnetization 
cannot account for the whole Faraday rotation anisotropy. These data are discussed taking into 
account the magnetic and magneto-optical properties of the isomorphous erbium iron garnet ferrite. 
© 1998 American Institute of Physics. [S0021-8979(98)26111-1] 

I. INTRODUCTION 

There has been considerable interest in magneto-optical 
(MO) properties of magnetic ceramics over the last decades. 
This attention is particularly due to the promising techno- 
logical applications of the Faraday rotation (FR) and of the 
Kerr effect (KE) in optical range devices since magnetization 
of the material can be read out using MO tools. Although 
numerous investigations of materials offering a maximum of 
figure of merit at a specific wavelength of laser diodes were 
conducted, the theoretical analysis of the MO properties are, 
however, scarce.1'2 Particularly the relationship between 
magnetization and MO effects was found to be more com- 
plex than simple models where the MO properties were sup- 
posed to scale proportionally to the magnetization.3-5 It 
should be noted that even inside one unique series of com- 
pounds, these studies are very delicate since many param- 
eters like exchange splitting, spin-orbit coupling, lattice pa- 
rameter cannot vary independently; furthermore they are 
usually performed at room temperature only where the en- 
ergy schema are very complicated. One way to avoid this 
difficult task is to measure magnetic and MO properties on 
one unique crystal and under high magnetic field and that in 
a large temperature range. 

An evident illustration of the complicated relationship 
between magnetization and MO properties is given, in the 
ferrimagnetic iron Er3Fe50,2 garnet (ErIG), by the contribu- 
tion to FR of the rare-earth sublattice; the rare-earth contri- 
bution vanishes near 75 K even the magnetic moment of the 
Er3+ ion is about of 5 /u,B ,6'7 Recently using quantum theory, 
we have demonstrated that the rare-earth Fe superexchange 
interaction (SI) and the crystal field (CF) on the rare earth 
ion are crucial factors in the calculation of magnetic and MO 
properties. Furthermore when SI is large, the admixing of 
different ground term multiplets by the high-order perturba- 
tion of SI is important.8 Because in the ferrimagnetic garnet 
structure, SI corresponds to molecular fields in the range 
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100-300 kOe, we present, in this article, both magnetic and 
FR measurements in high dc magnetic field up to 300 kOe 
performed on the isomorphous paramagnetic Er3Ga50]2 gal- 
late (ErGaG) with special attention paid to the anisotropy of 
these properties. It is recalled that in ErGaG, the Neel point 
related to an antiferromagnetic long range ordering is below 
1 K, the Er-Er superexchange interaction is negligible and 
the crystal is paramagnetic at 4.2 K. 

II. EXPERIMENT 

Faraday rotation (FR) and magnetization (M) measure- 
ments were performed on the same single crystals of com- 
position Er3Ga5012 grown by the flux method. The FR mea- 
surements were realized at the National High Magnetic Field 
Laboratory (Florida State University Tallahassee USA); the 
M measurements, at the High Magnetic Field Laboratory 
(CNRS/MPI Grenoble). After the control of the single crystal 
quality by x-ray diffraction techniques, the crystal was x-ray 
oriented, cut, and polished to obtain two disks with respec- 
tive planes of (111) and (100). The diameters were about 2 
mm and the thickness were, respectively, 1.46 and 1.49 mm. 

The external magnetic field attained was 300 kOe (FR 
measurements) and either 262 (at 4.2 K) or 200 kOe (M 
measurements), H being applied perpendicular to the major 
plane of each plate. In the first case, the high continuous 
magnetic field was produced by a 32 mm inner-bore water- 
cooled resistive magnet connected to a high powerful elec- 
trical power (12 MW) supply; in the second one, either a 50 
mm inner-bore hybrid or a 50 mm inner-bore water-cooled 
resistive magnet was used. The magnetic measurements were 
carried out using the automatic magnetometer described in 
Ref. 9 leading to an experimental accuracy on M better than 
±2%. 

MO properties like FR and KE have not been investi- 
gated much in high magnetic field. However, it was noted 
that one of the most important experimental difficulties is to 
separate the contribution of the sample from the contribution 
of the windows of the cryostat mainly because stray fields 
are always very large in high field setup.10 Our optical device 
will be described in detail in a forthcoming article.11 How- 
ever we would like to mention that, in contrast to optical 
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FIG. 1. Magnetization vs magnetic field applied parallel to the [111] and 
[100] crystallographic directions at 4.2 K in ErGaG. 
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FIG. 3. Faraday rotation vs external field parallel to the [111] and [100] 
crystallographic directions at 4.2 K in ErGaG; experiments performed at 550 
nm wavelength. 

system of Ref. 10, both the polarizer and the analyzer are 
located in the near vicinity of the sample in the low tempera- 
ture chamber. Thin optical fibers were used to conduct the 
light from the source (lamp plus spectrometer) to the polar- 
izer and from the analyzer to the detector. The polarizer and 
analyzer were crossed at room temperature in the presence of 
the sample. It is worth noting that without any sample, the 
plane of polarization of the emerging light from the analyzer 
was observed to be insensitive to the simultaneous presence 
of the high field and of low temperature. Furthermore the 
crossing of the polarizer and analyzer was observed to be 
insensitive to the presence of the high field. Finally, the ex- 
perimental accuracy on FR may be estimated about ± 3 %. 

This article is limited to the data obtained at 633 
(15 797 cm-1) and 550 (18 182 cm-1) nm wavelength. It is 
recalled that the ErGaG absorption spectrum consists of dif- 
ferent sharp lines centered at 6775, 10 415, 12 496, 15 449, 
18 525, 19 407, 20 717, 22 371, 22 701, and 24 893 cm"1, 
respectively. These absorption peaks were attributed to tran- 
sitions between the ground multiplet 4/15/2 and different ex- 

13/2> 

, respectively.12"15 
cited multiplets 4Iu/2, 

4/11/2, 
4/9/2, 

4F9/2, 
ASm, 2H 

Fin,   Ftp,   F-in, and   G 
11/2' 

7/2' 9/2' 

—~1600 
E u 

^5>1400 

■o 
^-•1200 
O 
EC 1000 

800 

600 

400 

200 

0 

i •—i—■—1—i—1— 

[111]              ^^~ 

1       !       ' 

V^^[ioo] 

iErGaG 4.2 K 

I JS33 niri      j 

-i—■—j—i—j—i—j—■—j—,— 
50 100 150 200 250 

Magnetic Field ( kOe ) 
300 

FIG. 2. Faraday rotation vs external field parallel to the [111] and [100] 
crystallographic directions at 4.2 K in ErGaG; experiments performed at 633 
nm wavelength. 

III. RESULTS AND DISCUSSION 

An example of the magnetic behavior is given by Fig. 1 
where the 4.2 K magnetization curves are given. It is noted 
that in the article, the M values are reported in Bohr magne- 
ton per mole where one mole is equal to 2(Er3Ga5012) and 
that because there exist six magnetically inequivalent Er sites 
in the cubic crystallographic unit cell described by the Ia3d 
space group. The experimental data shown evidence of the 
following properties: (i) in H below about 25 kOe no anisot- 
ropy of the magnetization exists within our experimental ac- 
curacy (±2%); (ii) above 25 kOe, the field-induced anisot- 
ropy is observed between 4.2 and 50 K although at this last 
temperature, this anisotropy is becoming very weak; (iii) on 
each isothermal M(H) curve, this anisotropic character is 
found to be increasing with H. But, the most important fea- 
ture is the existence of a cross-over field Hco about 80 kOe; 
when H>HC0, the [100] magnetization is larger than the 
[111] one. It is clear that no saturation magnetization is ob- 
served and it is not possible to conclude unambiguously that 
[100] is, in the gallate, the easy direction of magnetization as 
it is in ErIG.16 However, because along the [100] direction, 
the relative change of M between 200 and 260 kOe is less 
than 12%, we deduce that, in this field region, the magnetic 
moment per Er34" ion is about 7 fiB. Following this determi- 
nation, two comments can be made: first, our value is in 
good agreement with the rare earth magnetic moment de- 
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FIG. 4. Faraday rotation susceptibility vs temperature in ErGaG at 633 nm 
wavelength, (insert: reciprocal FR susceptibility). 
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FIG. 6. Ratio of the Faraday rotation measured at 550 nm wavelength to the 
magnetization as a function of the applied field at 4.2 K for ErGaG. 

duced in ErIG from direct magnetization measurements16 

and from neutron diffraction study;17'18 second, it is con- 
firmed that SI in the ferrite corresponds to external field in 
the 200-260 kOe range. Furthermore our data show unam- 
biguously the strong quenching of the orbital moment by 
crystal field (CF) since, even at 4.2 K, the Er3+ magnetic 
moment remains less than the free-ion value corresponding 
to the ground multiplet 4/is/2 - 

The high field variations of the FR are reported in Figs. 
2 and 3 for H parallel to [111] and [100] at 4.2 K. The 
following remarks must be advanced: (i) the magnitudes of 
FR are very different for the two wavelengths; (ii) at 633 nm 
wavelength, a strong anisotropy of FR is evidenced whatever 
the field strength with the strongest FR observed above 150 
kOe along [100]; note the MO cross-over field differs 
strongly from that found on the M(H) curves (Fig. 1); (iii) at 
550 nm wavelength, the FR anisotropy decreases rapidly 
above 200 kOe; below this field, the highest FR value corre- 
sponds to the [111] direction. 

Because in low applied field, the FR is linear versus H 
the FR susceptibility (Verdet constant V) can be deduced; as 
expected a strong decrease of V with increase in temperature 
is obtained (Fig. 4). It is worthy to note that the anisotropy of 
V is present up to 25 K although no magnetic anisotropy was 
observed in low applied field as mentioned above. As shown 
in the inset of the Fig. 4, the reciprocal Verdet constant does 
not present a linear temperature dependence as found in 
some rare earth trifluorides. 

The comparison between the high magnetic dependen- 
cies of FR and M is illustrated by their ratio plotted in the 
Figs. 5 and 6 at 4.2 K. A strong anisotropy of this ratio is 
immediately remarked and it is clear that the relationship 
between the FR and M is complex. However for the two 
wavelengths, the ratio FR/M is found to be field independent 
above 100 kOe at least for the [100] direction within an 
experimental accuracy estimated to be 5%. This conclusion 
may be considered as an experimental confirmation of the 
model proposed many years ago by Crossley et al.20 where 
in the ferrimagnetic garnets, the contribution to FR of each 
sublattice is proportional to the sublattice magnetization. 

Although MO effects in the visible region are mainly 
due to intraionic electric dipole transitions between the 4/" 

and 4/""1 5d configurations, the strong difference between 
the data obtained at 633 and at 550 nm wavelength illustrates 
how the crystal field (CF) is the fundamental perturbation on 
the electronic states. The choice of the CF parameters is a 
crucial problem and only values obtained by Nekvasil et al.21 

in SmIG and then corrected by the ratio of the radii of the 
rare earth ions allow a reasonable interpretation of the data in 
some light rare earth garnets (see Ref. 8 and references 
therein). 
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A reexamination of the magneto-optical (MO) spectra of Li0_5Fe2.5O4, MgFe204, NiFe204, and 
CoFe204 is presented. Thus far the MO spectra of these compounds have been explained by either 
orbital promotion processes, oxygen to iron charge transfer transitions or crystal field transitions 
and, in the case of CoFe204, a single intervalence charge transfer (IVCT) transition. For Li0 5Fe2 504 

and MgFe204, the major transitions in the MO-Kerr spectra between 0.5 and 5.0 eV are assigned 
to intersublattice charge transfer (ISCT) transitions. The MO-Kerr spectrum of NiFe204 is more 
complex as in this case both Fe3+ and Ni2+ contribute to the spectrum. In NiFe204 an additional 
IVCT transition is observed at 2.9 eV. The complex MO spectrum of CoFe204 could be resolved 
using the dielectric tensors of Co2+All+Fcl1lx04 (x = 0, 0.1, 0.6, and 1) and rigorously fitting both 
the diagonal and the off-diagonal elements of the dielectric tensor with one set of transitions which 
was consistent for all degrees of Al3+ substitution. Thus, in these ferrites a consistent assignment of 
all the major transitions in the 2.0 to 5.0 eV energy range to either IVCT or ISCT transitions is 
made.   © 1998 American Institute of Physics. [S0021-8979(98)22011-l] 

I. INTRODUCTION 

The identification and assignment of magneto-optical 
(MO) active transitions in spinel ferrites have been a subject 
of debate for many years. The identification of transitions is 
complex as in these compounds many bands overlap. In ad- 
dition, the electronic structure of transition metal oxides such 
as ferrites is complex1'2 which has resulted in a variety of 
interpretations of the observed transitions. Recently, we have 
unraveled the MO-Kerr spectrum of Fe304 between 0.7 and 
4.0 eV by rigorous fitting of all four elements of the dielec- 
tric tensor of Fe304 simultaneously, using the equations of 
the elements of the dielectric tensor which describe the basic 
line shapes of transitions in the microscopic theory (Lorentz- 
type lineshape). In addition, the complete dielectric tensors 
of Fe304 and of partially Mg2+ or Al3+ substituted Fe304 

were fitted with only one set of parameters for all samples. 
The influence on the intensity of transitions of the gradual 
substitution of Fe2+ and/or Fe3+ provided evidence that the 
major transitions in Fe304 can be assigned to intervalence 
charge transfer and intersublattice charge transfer transitions 
(IVCT and ISCT, respectively).3 IVCT transitions are transi- 
tions in which an electron, through optical excitation, is 
transferred to a neighboring cation. IVCT transitions be- 
tween Fe3+ ions on different crystallographic sites are tradi- 
tionally called ISCT transitions.4 For reasons of clarity we 
will continue to refer to these transitions as ISCT transitions. 
(In our discussions parenthesis denote tetrahedral A sites and 
square brackets octahedral B sites.) 

Thus far multiple interpretations have been reported for 
the ferrites Li0 5Fe2 504, MgFe204, NiFe204, and CoFe204. 
We will discuss them in chronological order. Krinchik et al. 
reported the off-diagonal element of the dielectric tensor of 
Li05Fe25O4 between 2 and 5 eV.5 These authors reported 

a'Author for correspondence. 

also the off-diagonal elements of NiFe204, CoFe204, 
CoCrFe04 between 1 and 5.4 eV and the equatorial Ken- 
effect of (Fe)[NiCr]04.5'6 In addition to the transitions al- 
ready identified in Li05Fe25O4 and MgFe204 an additional 
broad band near 3 eV was identified in NiFe204. This band 
was assigned to the CF transition 3A2g(F)^3Tlg(P) of oc- 
tahedrally coordinated Ni2+. However, in this interpretation 
the disappearance of this transition in (Fe)[NiCr]04 cannot 
be accounted for. From the observed influence of Al3+ and 
Cr3+ substitution on the equatorial Kerr spectra of NiFe204 

and CoFe204, Krinchik et al. conclude that the major transi- 
tions in Li0 5Fe2 504 and MgFe204 are ISCT transitions. 

Subsequently, Visnovsky et al. reported the diagonal 
and off-diagonal elements of the dielectric tensor of 
MgFe204 and reflectivity and polar Kerr spectra of 
Lio.5Fe2.504 between 2 and 5.5 eV. These authors assigned 
the transitions identified to oxygen (2p) to iron (3d) charge 
transfer transitions.7 From the work of Bocquet et al, how- 
ever, it follows that this is an unlikely interpretation as the 
oxygen to iron charge transfer transitions are centered around 
6 eV (Ref. 2) in agreement with previous reports.4'8 In 1983 
Zhang et al. reported the diagonal (0.5-12 eV) and off- 
diagonal (0.5-5 eV) elements of the dielectric tensor of 
Li05Fe25O4 and MgFe204. The identified bands were as- 
signed to 3dn^3dn~l4s orbital promotion transitions.8 

However, these transitions are parity and partly spin forbid- 
den and can, therefore, not account for the relatively large 
oscillator strength (10~3) of the transitions observed in these 
ferrites. Finally, the MO-Kerr spectrum of CoFe204 has 
been extensively studied by Martens and co-workers.9'10 

Two narrow diamagnetic transitions at 0.8 and 2.0 eV were 
identified and assigned to CF transitions [4A2^

4r,(F) and 
4A2^

4r,(P)] of tetrahedrally coordinated Co2+. A broad 
paramagnetic band also at 2.0 eV was assigned to a 
[Co2+]^[Fe3+] IVCT transition. The broad diamagnetic 
band in the region above 3 eV remained unresolved. 
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FIG. 1. (a) The measurement Ref. 7 and the fits of the real and imaginary 

part of the off-diagonal element of the dielectric tensor, e'xy and e"xy, of 

MgFe204. (b) The measurement Ref. 5 and the fits of the real and imaginary 

part of the off-diagonal element of the dielectric tensor, e'xy and exy, of 

NiFe204. 

Here we report a study of the MO spectra of 
Lio.5Fe2.5O4, MgFe204, NiFe204, and CoFe204 and identify 
the major transitions. For this purpose, we have taken the 
elements of the dielectric tensor of these compounds from 
literature and applied the same method used to resolve the 
MO spectrum of Fe304.3 

II. RESULTS AND DISCUSSION 

First, we examine MgFe204. We applied the method 
used to resolve the spectrum of Fe304 to the diagonal and 
off-diagonal element of the dielectric tensor of MgFe204 ob- 
tained from Refs. 8 and 7, respectively. The off-diagonal 
element and the fits are presented in Fig. 1(a). The set of 
transitions identified in MgFe204 is listed in Table I. To 

assign these transitions, we compare them to the transitions 
found in Fe304.3 The MO spectrum of Fe304 consists of two 
sets of transitions: IVCT transitions involving Fe2+ and Fe3+ 

and the ISCT involving two Fe3+ ions located on different 
crystallographic sites. Since the Fe2+ ions present in Fe304 

are replaced by the nonmagnetic Mg2+, the ISCT transitions 
should be the only remaining major transitions. Substitution 
of one ion with another may distort the lattice resulting in a 
shift in energy of the ISCT transitions. However, replacing 
Fe2+ with Mg2+ only has a small effect on the lattice since 
the lattice parameter of MgFe204 matches closely the lattice 
parameter of Fe304. We conclude from our fit [Fig. 1(a)] that 
the MO-Kerr spectra of MgFe204 can be explained in a 
manner consistent with our interpretation of Fe304, based on 
ISCT transitions, as suggested previously.11 

For Li05Fe2.5O4 the elements of the dielectric tensor 
were obtained from Refs. 8 and 5. The set of transitions 
identified from our fits is listed in Table I. The same three 
major bands as in MgFe204 could be identified. The fact that 
the intensities in Li0 5Fe2 504 are substantially higher than in 
MgFe204 is to be expected as this compound contains a 
larger amount of [Fe3+], which is one of the participating 
ions in the transition.5 Thus also the MO-Kerr spectra of 
Li05Fe25O4 can be explained in a manner consistent with 
Fe304 based on ISCT transitions. 

Only the off-diagonal element of the dielectric tensor of 
NiFe204 was available.5 The off-diagonal element and fit are 
presented in Fig. 1(b). The results of the fit are given in 
Table I. Again we observe the same set of ISCT transitions 
as in the previous samples. In addition, we observe an addi- 
tional strong, relatively broad transition at 2.9 eV. This tran- 
sition cannot be assigned to a CF transition. First of all, CF 
transitions of ions on octahedral sites are parity forbidden for 
any ion. Second, transitions of Ni2+ on tetrahedral sites can- 
not occur, as the NiFe204 sample used, is reported to be 
completely inverse, as expected for NiFe204.12 Third, CF 
transitions of Fe3+ on tetrahedral sites do not occur, as the 
term of a free Fe3+ ion is nondegenerate (L = 0). Further- 

TABLE I. The main MO-active transitions in MgFe204, Li0.5Fe25O4, NiFe204, and CoFe204, between 0.5 and 5.0 eV. Listed are transition energy, ta (eV), 

linewidth, T (eV), intensity, (exy)mm, and assignment. Typical error bars for co, T, and (^,)max are ±0.02 eV; ±0.03 eV, and ±0.002, respectively. (Note 
that the parenthesis denote tetrahedral coordination and square brackets octahedral coordination.) 

CF CF IVCT ISCT ISCT ISCT 

Sample (Co2+) 
4A2-+4r,(F) 

(Co2+) 
4A2^

4r,(P) 
[M2+] 

-[Fe2+]r2g 

(Fe3+)(2 

-[Fe2+]r2s 

[Fe3+]es 

^(Fe2+);2 

(Fe3+)r2 

-[Fe2+>s 

MgFe204 co 
r 

2.64 
0.30 

3.47 
0.31 

3.95 
0.56 

Lio.5Fe2.5O4 

V^cy/max 
shape 
CO 

r 

-0.009 
dia 
2.63 
0.23 

0.022 
dia 
3.46 
0.39 

0.032 
dia 
4.09 
0.64 

NiFe204 

shape 
CO 

r 
2.86 
0.53 

-0.026 
dia 
2.57 
0.22 

0.036 
dia 
3.46 
0.54 

0.050 
dia 
4.03 
0.67 

CoFe204 

v^xy/max 
shape 
w 
r 

0.83 
0.10 

1.82 
0.18 

0.023 
dia 
2.21 
0.25 

-0.007 
dia 

±2.60 

0.011 
dia 
3.55 
0.29 

0.017 
dia 
4.00 
0.50 

V^jryJmax 
shape 

-0.056 
dia 

-0.076 
para 

-0.054 
para 

< 0.001 
dia 

0.013 
dia 

0.030 
dia 
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more, this additional transition cannot be due to an oxygen 
2p to metal 3d charge transfer transition. Such a transition 
should occur at an energy of 6 eV (Ref. 1) and it would be 
both broader and more intense than the observed band. 
Therefore, we assign this transition to an IVCT transition 
between [Ni2+] and [Fe3+].13 This is consistent with the 
strength and width of similar transitions in Fe304.3 Further- 
more, the energy of an IVCT transition between two differ- 
ent cations is expected to be substantially higher than that 
between two identical cations which in Fe304 occurs at 0.55 
eV.3 

Evidence that the transition at 2.9 eV is indeed due to an 
IVCT transition between [Ni2+] and [Fe3+] comes from the 
equatorial Kerr spectrum of (Fe)[NiCr]04 between 1 and 5.4 
eV.6 No transitions whatsoever are found in this spectrum, 
ruling out that the transition at 2.9 eV in NiFe204 is due to a 
CF transition of Ni2+. The absence of this transition is, how- 
ever.in line with an IVCT involving [Fe3+]. This also sup- 
ports our assignment of the remaining transitions in NiFe204 

to ISCT transitions. Another indication that all transitions in 
NiFe204 are similar transitions involving [Fe3+] is the influ- 
ence of Al3+ substitution on the MO spectrum of 
NiAlcFe2-;tO4(0=£x=sl.2) which remains completely in- 
verse up to x= l.14 The entire spectrum remains unchanged 
up to x = 0.3, then the intensity of the entire spectrum de- 
creases homogeneously. 

The complete dielectric tensors of CoFe204 and 
CoAl^Fe2_x04 (x = 0.1, 0.6, 1) were taken from Martens 
era/.9'10 All four elements of the dielectric tensors of 
CoFe204 and CoAl^Fe2_x04 were fitted simultaneously with 
only one set of parameters for all spectra, thus allowing 
trends in intensity upon Al3+ substitution to be observed. 
The results of the fits for CoFe204 are shown in Table I. Our 
assignment of the first three transitions is identical to the 
assignment made previously.9 The first two are assigned to 

decrease steadily for 0^x^1.2. The dependencies of the 
intensities of the IVCT transition (2.2 eV) and the ISCT 
transitions on the degree of Al3+ substitution tend, as ex- 
pected, towards zero for CoAlFe04 in our fits. As discussed 
by Martens et al. the gradual decrease in intensity for the CF 
transitions of (Co2+), however, is not straightforward. Their 
claim is that the sharp drop in Curie temperature for the 
series causes this. The fact that the energy of the IVCT tran- 
sition is considerably larger than that of the first IVCT in 
Fe304 can be attributed to the fact that the IVCT is in this 
case between cations with different nuclei. The fact that the 
energy of this IVCT is smaller compared to the energy of the 
observed IVCT in NiFe204 is also not unexpected, if we take 
into account the relative energy position of the 3d bands.1 

III. CONCLUSIONS 

The common feature of all spinel ferrites of the general 
type M^Fe3_J.04 with Fe3+ ions on both tetrahedral and oc- 
tahedral sites is a set of ISCT transitions at 2.6, 3.5, and 4.0 
eV. This is evident from Table I for those spinel ferrites, 
where M is the nonmagnetic Mg2+ and Li+ as well as for 
those where M is the magnetic Ni2+ and Co2+. (This even 
applies to y-Fe203, where M is in fact a vacancy.14) 
Whether these transitions dominate the spectrum depends on 
the presence of other contributing transitions. For M=Mg, 
Li, or other nonmagnetic ion (or vacancies), the set of ISCT 
transitions is the main feature. In Fe304 several IVCT tran- 
sitions between [Fe2+] and Fe3+ are main contributors.3 In 
NiFe204 an IVCT between [Ni2+] and [Fe3+] at 2.9 eV is a 
main contributor. In CoFe204 CF transitions of tetrahedrally 
coordinated Co2+ and an IVCT transition between Co2+ and 
Fe3+ contribute significantly below 2.5 eV. These assign- 
ments are consistent with our interpretation of the MO spec- 
tra of Fe304. 

ii the CF transitions 4A2^
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The magneto-optical (MO) Faraday effect of one-dimensional photonic crystals (ID-PCs) composed 
of Bi-substituted yttrium-iron-garnet films and dielectric films such as Si02 and Ti02 films were 
studied theoretically. Because of considerable localization of light, these media exhibit a very large 
MO effect. For instance, when the film structure is chosen to be appropriate for supporting the 
localization of light, the ID-PC films can possess a huge Faraday rotation angle reaching to 
-28 deg/^m at \= 1.15 Aim. The analysis reveals that the MO characteristics of the ID-PC films 
are almost governed by the degree of localization of light, which can be controlled by varying the 
number of reflection layers in the films. © 1998 American Institute of Physics. 
[S0021-8979(98)44711-X] 

I. INTRODUCTION 

Recently, we have shown theoretically that a large 
magneto-optical (MO) Faraday effect takes place in bigyro- 
tropic magnetic films with disordered multilayer structure1"3 

due to the weak localization of light:4 the films of interest are 
composed of Bi-substituted yttrium-iron-garnet (Bi:YIG) 
layers and Si02 layers which are piled up in a disordered 
sequence. These studies strongly indicate that films exhibit- 
ing a considerably large MO effect can be obtained if the 
film structure meets the so-called one-dimensional photonic 
crystal with a defect5 (ID-PC), or equivalently, optical 
microcavity,6 because the localization effect of light in these 
particular media is very large. 

In this study, therefore, MO properties of films with 
ID-PC structures have been investigated in detail so as to 
confirm the above consideration theoretically. First, the rela- 
tion between the MO effect and the localization of light is 
explained to demonstrate the unique properties of the films. 
Then the key parameters governing the optical and MO prop- 
erties of the films are elucidated. Based on these results, 
practical ID-PC films with (Si02/Ti02)Xfc/Bi:YIG/(Ti02/ 
Si02) X k structures are proposed. 

II. MODEL AND THEORY 

Since the procedure for analyzing the properties of films 
with multilayer structures has been described elsewhere in 
detail,1-3 let us confine ourselves to an outline of the analysis 
by focusing on the expression of film structures and the ma- 
trix approach which enables us to handle various multilayer 
films systematically. 

As shown in Fig. 1, we consider a magnetic multilayer 
film with N layers extending boundlessly in the X- Y plane. 

The film is composed of Bi:YIG and Si02 layers which are 
generally stacked in an arbitrary sequence. The individual 
magnetic and dielectric single layers are assumed to have 
thicknesses dM and ds, respectively. Total thickness of film 
D is then expressed as D = NMdM + Nsds with the numbers 
of magnetic and dielectric layers NM and NS = N-NM, re- 
spectively. The film structure is designed by a binary number 
bN with an N digit; for instance, bN= 101110...01, where 
each digit of bN corresponds to each layer of the film, and 
"1" and "0" are assigned to the magnetic and dielectric 
layers, respectively. When bN and the density of magnetic 
material, PM = NMdM/D, are given, the film structure is 
uniquely specified. 

The properties of the films are clarified by solving Max- 
well's equations with the bigyrotropic dielectric tensor for 
the magnetic layers under the electromagnetic boundary con- 
ditions imposed at all discontinuous planes. This is rather 
tedious, but is easily achieved by means of the matrix 
approach.1 With this method, the state transition of light 
through one layer is expressed by a 4X4 complex matrix 
called the state matrix. Let 0M and <&s be the state matrices 
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''Electronic mail: inouem@riec.tohoku.ac.jp FIG. 1. Multilayer film composed of Bi:YIG and |Si02| layers. 
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FIG. 2. Maximum Faraday rotation angle (6>F)max vs packing density PM at 
which (8F)mm was obtained. 
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FILM DEPTH Z(nm) 

FIG. 4. Distribution of the light field in the film with PM=OA5S5 in Fig. 3. 

of the magnetic and dielectric layers; the state transition of 
light through the whole film is written as 

T(Z0 + D) = <&M-<JV<D5 <&M.r(Z0) = <&-T(Z0),    (1) 

where T=(EX,EY,HX,HY) with the tangential components 
of the electromagnetic field with respect to the discontinuous 
plane. Note that the multiple sequence of <3>M and <55 in Eq. 
(1) corresponds to the sequence of 1 and 0 in bN. For all the 
films, no matter what the stacking sequence and the stacking 
number are, the state of outgoing light T(Z0 + D) is obtained 
from the state of incident light T(Z0) multiplied from the left 
by $. Then, from the relation between T(Z0 + D) and r(Z0), 
optical and MO properties of the films, such as the transmis- 
sivity T and the Faraday rotation angle 0F, are determined 
numerically. 

The numerical calculations were performed using the 
typical values of dielectric tensors: for the Bi:YIG 
layers, ej = 5.58 and e2= - 1.98X 10"3 at \=IA5 (im 
(0F = - 0.1 deg/yum); for the Si02 layers es = 2.5 and for the 
Ti02 layers er=4.7. 

III. MO EFFECT AND LOCALIZATION OF LIGHT 

To demonstrate the unique MO properties of the films, 
we show in Fig. 2 the maximum Faraday rotation angles 
(0F)max of a11 16 layer films (b16=0000~\FFFF\, PM 
= 0.0—1.0) as a function of the density PM at which (0F)max 

was obtained. Among the films, three particular films, la- 
beled (a), (b), and (c), exhibit considerably large Faraday 
rotation. The binary parameters of these films are (a) bi6 

= 1010101011010101, (b) 1010100111010101, and (c) 
101010111111010, where the strong correlation among the 

(a) 

"N os- 

0.A 

02 

PM=0AS&S W 

0.0       0.2     0.4     0.6     08     1.0 

P« 

0.0     02     0.4     06     0.8     1.0 

film structures exists: more than two Bi:YIG layers are sand- 
wiched between the alternatively formed Bi:YIG and Si02 

layers. This then indicates that the large MO effect of the 
films can be characterized by the film structures. In 
fact, films of this type exhibit very unique trans- 
missivity T and Faraday rotation 6F as shown in Fig. 3: 
at PM = 0.4585, both T and 8F of the film with b34 

= 101010101010101011010101010101010101 increase si- 
multaneously and remarkably. In this case, 6F of the film 
surprisingly exceeds -16 deg//xm, the value of which is 
about 160 times larger than that of a Bi:YIG single layer 
film. 

As shown in Fig. 4, light propagating in the film with 
PM

= 0.4585 in Fig. 3 is localized to a large extent at the 
center of the film, suggesting that the unique properties of 
the film originate from the localization effect of light. In Fig. 
5, the transmission responses of the film to the independent 
incidences of lights with linear polarization and the right- 
hand and left-hand polarizations are shown. As is clearly 
seen in Fig. 5, the film structures (or PM values) for which 
the circularly polarized lights are localized are slightly dif- 
ferent from each other. This gives rise to the large rotation 
angle for the linearly polarized light, because the linearly 
polarized light decomposes into the circularly polarized 
lights as eigenmodes of lights in Bi:YIG layers. 

IV. FILMS WITH 1D-PC STRUCTURES 

The above results strongly indicate that the stronger the 
localization effect of light, the larger the MO effect of the 

FIG. 3. Transmissivity T and Faraday rotation angle 6F of the film with 
bM= 10101010101011010101010101 vs density Pu at X= 1.15 /im, where 
the film thickness D is 5 /xm. 

0.458 0.460 

Density PM 

FIG. 5. Transmissivity of the film in Fig. 3 for three cases of incidence of 
lights with linear polarization and right-hand and left-hand circular polariza- 
tions. 
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FIG. 6. Bi:YIG/Si02 multilayer film with the ID-PC structure. 

films. In Fig. 3, the thicknesses of the Bi:YIG and Si02 lay- 
ers of the film with PM = 0.4585 are evaluated as dM 

= 0.127 ,nm and ^ = 0.169 /Am, respectively. These values 
are close to the one-fourth wavelength of light (X. 
= 1.15 fim) in each medium: for the Bi:YIG (Si02) layer, 
the diffraction index nM (ns) is about 2.36 (1.58) and the 
\/4nM (\/4ns) is about 0.121 /im (0.182 /mi). The structure 
of the film with PM=0.4585 is then close to the ID-PC 
structure, where the center cluster of Bi: YIG layers acts as an 
active layer while the other layers act as reflection layers of 
light. 

With this respect, the optical and MO properties of the 
ID-PC films were examined in detail by employing the film 
structure illustrated in Fig. 6: an active Bi:YIG layer with 
thickness of DM = mk/2nM (m = 0,l,2,...) is sandwiched be- 
tween two reflection layers which are composed of a k pair 
(k= 1,2,3,...) of the Bi:YIG/Si02 layers related by dMnM 

-dsns=K/4. In Fig. 7, for cases of reflection layers com- 
posed of odd-pair layers, 6F and T of the films are depicted 
as a function of the total film thickness D. The properties of 
the ID-PC films are very sensitive to the values of k and m 
which determine the film structures. In general, by increasing 
the number of reflection layers, k, the transmissivity de- 
creases while the Faraday rotation increases drastically. This 
is due to the fact that the localization of light is strengthened 
by increasing the value of k. The largest Faraday rotation in 
this system is -28deg//tm when k=\\ and m=\, and 
whose value is 280 times larger than that of a Bi:YIG single 
layer film. However, the transmissivity of this film is about 
2%, and hence the use of this film in transmission mode is 
difficult. An appropriate choice of film structure then be- 
comes necessary depending on the applications, where the 

o 10 
Total film thickness D (ixm) 

10 20 
Total film thickness D (|Am) 

Total film thickness D (Jim) Total film thickness D (|im) 

FIG. 7.   Faraday rotation and transmissivity of the  ID-PC films with 
(Bi:YIG/Si02) X /fc/Bi:YIG/(Si02 /Bi:YIG) X k structure. 

FIG.  8.  Faraday rotation and transmissivity of the  ID-PC films with 
(Si02 /Ti02) X Jt/Bi:YIG(Ti02 /Si02) X k structure. 

key parameters are the number of reflection layers, k, and the 
thickness of the center active layer which is governed by m. 
To achieve this, film design with a genetic algorithm is 
useful.7 

To obtain the above ID-PC films formation of many 
Bi:YIG layers, without losing their good MO properties, is 
needed. This is, however, rather troublesome, and ID-PC 
films without this difficulty are favored. This is indeed ful- 
filled by the ID-PC films with (Si02/Ti02)XÄ:/Bi:YIG/ 
(Ti02/Si02)X£ structures, where the thickness of the center 
Bi:YIG film is chosen to be m\l2nM while the thicknesses of 
the Ti02 and the Si02 layers, dT and ds, satisfy the relation 
dTnT=dsns=X/4 with the refractive index nT of the Ti02 

layers. In these films, a Bi:YIG single-layer film is sand- 
wiched between two dielectric multilayers acting as the re- 
flection layers of light, and the MO interaction takes place in 
the center BiiYIG film. Although the number of Bi:YIG lay- 
ers in these ID-PC films is greatly reduced in comparison 
with the previous ID-PC films, these films exhibit almost 
comparable performance to that of the previous one. For in- 
stance, as shown in Fig. 8, the maximum Faraday rotation of 
the film reaches nearly - 28 deg//im. This, in turn, indicates 
that the contribution by the Bi:YIG layers that comprise the 
reflection layers of light to the MO effect is considerably 
small, and that the MO effect of the ID-PC film is governed 
by the degree of localization of light. 
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The ordered structures in Fe304 kerosene-based magnetic fluid films were discovered and the 
magneto-chromatic effects were also observed under various magnetic fields. In this report, we 
studied the relationship between the ordered structures and the magneto-chromatic effects 
theoretically and experimentally. The nearly perfect hexagonal structures with the distance between 
two columns d in /xm range for our magnetic fluid thin films offer a two-dimensional tunable 
magnetic fluid grating in the visible light region. By using a grating model, the diffraction patterns 
for visible lights at certain incident angle 6, wavelength X, and column distance d, were calculated. 
Experimentally, it was found that the conditions of the observed light around the direction 
perpendicular to the plane of film coincide with the calculated results. Therefore, the 
magneto-chromatic effects resulting from the ordered structures of the tunable magnetic fluid 
grating were confined.   © 1998 American Institute of Physics. [S0021-8979(98)22111-6] 

I. INTRODUCTION 

Due to its potential application, optical phenomena of 
magnetic fluids subjected to an external magnetic field were 
put under extensive study recently. Those works were con- 
centrated on the optical transmission and optical scattering of 
magnetic fluid films, both with or without an external mag- 
netic field. For the first area of research, it mainly utilized the 
character of the light absorption by magnetic fluid. The op- 
tical transmittance decreases with the increase of the film 
thickness as light passes through a magnetic fluid film. Sev- 
eral optical devices were developed including display 
devices1'2 and optical switches.3"5 Also, by varying the re- 
fractive index across a ferrofluid thin film resulting from a 
temperature gradient and/or a magnetic field, a diffraction 
ring can be altered.6 In contrast, for the second area of re- 
search, the nature of the one-dimensional (ID) ordered struc- 
ture of magnetic fluid films under a parallel external mag- 
netic field was used. When a magnetic fluid thin film is 
subjected to an external magnetic field parallel to the plane 
of film, the particles in the film start to agglomerate and form 
chains along the direction of field. Thus, the magnetic fluids 
become optically anisotropic.7 Reflection and Bragg diffrac- 
tion may occur as a light ray incident obliquely on the thin 
film; birefringence and polarization may occur as light rays 
passing normally through the thin film. The light scatter in- 
tensity of these phenomena increases with an increase in 
both the magnetic field strength and particle concentration, 
and it tends to saturate at higher fields.8 By measuring the 
intensity as a function of magnetic field strength and time, 
the relaxation time and viscosity of the magnetic fluid drops 

"^Electronic mail: phyfv001@scc.ntnu.edu.tw 

were calculated.9 Also, the spacings between ID periodic 
chains formed from the droplets of magnetic emulsion under 
a parallel magnetic field were able to be measured because 
the chains gave rise to a strong Bragg diffraction, and the 
interaction forces between colloidal particles were deter- 
mined based on the force-distance law.10 Moreover, they also 
reported that the thin film appeared colored in the back- 
scattering direction as the thin film was illuminated by a 
white light source. 

In addition to the previous areas of research, other opti- 
cal principles, such as light diffraction and interference, may 
also play an important role in the application if a 2D ordered 
structure in the magnetic thin film can be produced. In our 
past work,11 2D ordered structures in Fe304 kerosene-based 
magnetic fluid film were discovered. As a result, we had the 
magneto-chromatic effects observed under various magnetic 
fields.12 In order to understand this consequence and to better 
manipulate the color from the grating, we study the relation- 
ship between the ordered structures and the magneto- 
chromatic effects theoretically and experimentally. 

II. EXPERIMENTAL DETAILS 

The magnetic fluid used in this work was a kerosene- 
based Fe304 ferrofluid prepared by the coprecipitation tech- 
nique. The saturated magnetization of the sample is 10.58 
emu/g and the particle size is around 100 Ä.11 The magnetic 
fluid was sealed in a 4 cm X 1 cm rectangular glass cell 
with a thickness of 6 fim to form a ferrofluid thin film. The 
experiment was performed at room temperature. 

Throughout the experiment, the magnetic fields perpen- 
dicular to the film plane were generated by a pair of sole- 
noids and were controlled by a personal computer. The ap- 
plied  field  measured  with  a  gaussmeter  was  uniform; 

0021 -8979/98/83(11)/6771/3/$15.00 6771 © 1998 American Institute of Physics 
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FIG. 1. A typical image of a hexagonal structure of magnetic fluid thin film 
and its FFT transformation. The column distance d¥FT can be calculated 
from dFFT=2ir/r, where r is the radius of the FFT ring. 

deviations of the field strength in the region of the film were 
found to be less than 1%. To generate white lights, a halogen 
lamp with Cokin 82B filter was used. The light ray was made 
near parallel by passing them through a telescope and a pair 
of optical lenses, and reflected by a mirror located beneath 
the thin film. 

The images of the ordered hexagonal structures were 
taken by using a videoscope located above the thin film. 
They were used to calculate the column distances by fast 
Fourier transform (FFT) transformation. Figure 1 shows an 
example of an image of the hexagonal structure and its FFT 
transformation. For the measurement of the wavelength 
spectrum, an optical fiber located above the thin film in the 
direction perpendicular to the plane of the film was used to 
pick up the light that passed through the thin film and to feed 
the signal into a spectrometer for scanning the wavelength of 
the diffraction patterns. The scanned light signal was sensed 
by a photomultiplier, to which a program was used to change 
the voltage for the compensation of its sensing sensitivity. 

III. RESULTS AND DISCUSSION 

When an applied perpendicular magnetic field reaches a 
critical value Hh (80 Oe for the sample), a 2D column array 
is formed in a homogeneous magnetic fluid thin film. Figure 
2 is a plot of the distance d between two columns as a func- 
tion of the final magnetic field strength (Hf) and its ramping 
rate (dH/dt) with the initial magnetic field strength H 
= 0Oe. It indicates that the distance decreases as both the 
magnetic field strength and the ramping rate increase. These 
distances d are in /xm range. In this range, diffraction phe- 
nomena occur as a parallel white light ray passing through 
the film and a well saturated monocolored light can be ob- 
served. By varying the magnetic field strength and/or the 
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FIG. 2. The column distance d vs final magnetic field Hf with various 
ramping rate (dH/dt). 

ramping rate resulting in a change of the distance d, the 
color of the film can be altered. In our laboratory, a large 
areal monocolored light over the entire visible light range 
can be produced and well manipulated. This phenomenon 
can be called the "magneto-chromatic effect." 

To analyze the transmitted lights, the wavelength spec- 
trum of the transmitted light through the magnetic fluid film 
with zero field (Hf=0 Oe) and the spectra of lights through 
the ordered structures of magnetic fluid film under the final 
field Hf=200 Oe with various (dH/dt) were shown in Fig. 
3. It reveals that each curve contains two peaks: the first one 
with wavelength shorter than 600 nm and the second one 
higher than 600 nm. These two peaks and their associated 
distributions move toward the shorter wavelength as 
(dH/dt) increases. The intensities of the first peak decrease 
as the ramping rate increases; contrarily the second peak has 
an opposite trend. At low ramping rate the color appeared is 
mainly due to the first peak, and as the ramping rate in- 

1200 

800 

400 

350   400   450   500   550   600   650   700   750   800 
X (nm) 

FIG. 3. The wavelength spectra at the final field H{= 200 Oe with various 
(dH/dt). Curve 1 is the spectrum of the transmitted light through the mag- 
netic fluid thin film without magnetic field. 
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FIG. 4. Diagram for a grating model. 

TABLE I. A list of curves 2-7 with various ramping rates (dH/dt) in Fig. 
3 and their corresponding color, first-ordered peak wavelength X.peak, col- 
umn distance rfFFT calculated from FFT transformation, and that fitted from 
grating model Jgraling. 

Curve No. 
in Fig. 3 

dH/dt 
(Hf=200Oe) Color 

"■peak 

(nm) (/im) 
"grating 
(/tni) 

2 dH/dt = 5 Oe/s yellow-green 565 2.15 2.17 
3 dH/dt =10 Oe/s green 545 1.97 1.99 
4 dH/dt =20 Oe/s blue 520 1.81 1.84 
5 dH/dt = 30 Oe/s violet 500 1.73 1.76 
6 dH/dt = 50 Oe/s violet-reda 485 1.70 1.72 
7 dH/dt=100Oe/s reda 470 1.66 1.68 

"In this case, the higher order red light becomes significant. 

creases the color due to the second peak becomes more ob- 
vious. 

To illustrate this magneto-chromatic phenomenon, a 
grating model was used as shown in Fig. 4. In this model, d 
is the separation distance between the adjacent slits with the 
distance between columns as defined above, 6 is the angle 
formed between the incoming light ray and the direction per- 
pendicular to the plane of the film, 0' is the angle formed 
between the diffracted rays and the direction perpendicular to 
the plane of the film, and N is the total number of magnetic 
particle columns diffracting the light. After diffraction, the 
intensity of the light, /, is 

sin2(AT(p/2) 
/a- 

sin2(«p/2) 

where <p is the phase difference. The condition under which 
the light intensity / becomes maximum is the same as that 
under which the light becomes brightest after diffraction 
through the film. The condition is 

2~~ 
d(sin 0+sin 6') = KIT, 

where K is a non-negative integer and X is the wavelength of 
light. 

If the 6 and 8' are not both equal to zero, the condition 
of /c = 0 will never occur. Under the condition of K= 1, d 
will be related to X by J(sin 0+sin 6')=X. If X is within the 
range of visible light, then the same d will allow only light 
with a wavelength of X//c for A: = 2,3,... to pass through the 
film. However, light with these wavelengths is outside the 
visible spectrum. 

Based on the relationship of d(sin 0+sin (?')=X, the 
wavelength becomes shorter as d decreases. When the 
(dH/dt) increases, the column distances decrease (as shown 
in Fig. 2) resulting in a shift of the wavelength of transmitted 
light toward shorter wavelength (as shown in Fig. 3) after 
light diffracted. As indicated before, the curves in this Fig. 3 
contain two major peaks. Apparently, the first peak is the 
first-order maximum and the second peak may be contrib- 
uted by a higher ordered effect which is due to the larger 
incident angle and viewing angle than those of the first- 
ordered effect. This higher order effect is mainly induced 
from the setup and can be improved by limiting only the 
light with a single incident angle and viewing angle in the 
experiment. 

Also, the distance d between columns can be calculated 
by fitting the incident angle 6 from data points and using the 
peak wavelength Xpeak that was obtained at 6'^0°. Table I 
compares the distances dFFT( = 2Tr/r, r the radius of FFT 
ring) calculated from the FFT transformation of hexagonal 
structures and the distances dgrating( = ^Peak/sm #) from the 
first-ordered peak wavelength of the spectra, and they show a 
good agreement. Therefore, the magneto-chromatic effects 
resulting from the ordered structures of the tunable magnetic 
fluid grating were confined. 

IV. CONCLUSION 

As a 2D hexagonal structure formed in a magnetic thin 
film under a perpendicular magnetic field, the distances be- 
tween particle columns can be altered by changing the field 
strength and/or the rate of change of field strength. The col- 
umn distances are in /urn range and are capable of diffracting 
the visible light. By changing the column distance, the color 
of light after interference can be varied. Thus, well saturated 
colors were observed and their corresponding wavelength 
spectra were measured. This phenomenon can be explained 
by a grating model theoretically. Our experiments have dem- 
onstrated the magneto-chromatic effects of magnetic fluid 
thin films by changing the rate of strength of the externally 
applied perpendicular magnetic field. This work exposed the 
possibility of using the magnetic fluid as an alternative ma- 
terial for optical devices. 
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Suppression of superconductivity by injection of spin-polarized current 
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A spin polarized current has been injected into high Tc superconductors resulting in a significant 
reduction in the superconductor's critical current. Such injection may serve as the basis of a new 
class of superconducting devices for control, switching and amplification. Preliminary results using 
both Permalloy and CMR materials as injectors are presented. © 1998 American Institute of 
Physics. [S0021-8979(98)42011-5] 

I. INTRODUCTION 

The superconductivity in thin films can be strongly in- 
fluenced by the injection of a spin-polarized current from a 
magnetic material. The effect has been found to occur in 
both low Tc (Sn) and high Tc (YBa2Cu307_5) superconduct- 
ors when either a ferromagnetic material, permalloy 
(Ni08Fe02), or a colossal magnetic material LaSrMnO 
(LSMO) is used as the source of polarized quasiparticles. 
Control experiments showed that unpolarized current from a 
nonmagnetic metal had comparatively little effect. A phe- 
nomenological model in which the energy gap of the super- 
conductor is strongly perturbed by the presence of excess 
spin polarized electrons is presented which is found to mimic 
the experimental results. 

Nonequilibrium superconductivity has previously been 
studied by injecting a current from a nonmagnetic source. 
The influence of unpolarized, nonequilibrium quasiparticles 
(unpaired electrons) on the superconducting energy gap has 
been examined experimentally and theoretically.1 Injection 
of unpolarized quasiparticles has also been used to make 
devices such as the CLINK and the QUITERON. Johnson 
and Silsbee first demonstrated2 that a current injected from a 
ferromagnet into a nonmagnetic metal maintained a net spin 
polarization in the latter. It has also been shown that spin 
polarization persists into the interior of the low Tc supercon- 
ductor, Nb.3 Evidence for spin injection from a ferromag- 
netic film into films of the high Tc superconductor YBCO 
was subsequently reported.4 While noting the inherently 
lower charge carrier densities in YBCO, the authors did not 
report the effect of the nonequilibrium spin population on the 
electronic transport properties of the superconducting film. 
Such effects are described in this article. 

II. EXPERIMENTAL ARRANGEMENT 

Figure 1 shows the typical experimental design. The top 
electrode (injector) is the source of the quasiparticles: If it is 
magnetic, the quasiparticles are polarized, whereas quasipar- 
ticles injected from a nonmagnetic film (control) are unpo- 

larized. The barrier can be either a metal film or low trans- 
mission tunnel barrier. The lower film is the superconductor. 
For some materials the sequence of the layers is reversed. A 
bias current lqp generates an excess number density of qua- 
siparticles, dnqp, in the superconductor which suppresses 
the energy gap and diminishes the critical current of the film. 
The supercurrent flowing through the superconductor (/r) is 
thus "pinched off" by the injected quasiparticle current, 

III. RESULTS FOR PERMALLOY 

The first experiments proceeded with a gold metallic 
layer serving as a chemical barrier. The YBCO samples were 
200 nm thick and 3 mm wide. The normal metal was 50 nm 
thick and 1 mm wide. The ferromagnetic film was permalloy, 
100 nm thick and 1 mm wide. All films were produced by 
pulsed-laser deposition. Measurement of the modification of 
the superconducting order parameter by Iqp began with de- 
termination of the critical current Ic at 77 K in the absence of 
a bias current. This was achieved by measuring the current- 
voltage (/- V) curve of the YBCO stripe and choosing Ic at 
a voltage drop of 1 /JN. I-V curves were then taken as a 
function of lqp injected through the Au/permalloy lead (po- 

injector 

barrier 

superconductor 

FIG. 1. Schematic representation of a spin injection device. Current lqr> 

passes from the magnetic film (upper) into the underlying superconducting 
film and decreases the supercurrent of the latter by decreasing the energy 
gap in the dark region. 
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FIG. 2. Current-voltage curves observed for a Permalloy/Au/YBa2Cu307 

sample at 77 K. Open circles: curve in the absence of quasiparticle injection. 
Open triangles: curve with an unpolarized current of 10 mA. Solid circles: 
curve with a polarized current of 10 mA. 

larized injection) or through the Au lead (unpolarized 
injection).5 In the latter case, the exclusively Au contact pro- 
duced quasiparticle injection and served as a control. Permal- 
loy was chosen as the ferromagnetic source because the con- 
duction electrons involved in the transport current have a 
high degree (45%) of spin polarization.6 

Differences in Ic between the runs were attributed to the 
differing effects of unpolarized versus polarized quasiparticle 
injection. Results are shown in Fig. 2 for our best sample. 
This figure demonstrates in a very striking way how a com- 
paratively small amount of polarized quasiparticle current 
(IqP= 10 mA) strongly depresses the transport current of the 
superconductor by depressing Ic to about 80 mA. By com- 
parison, the same amount of unpolarized bias current has 
almost no effect on Ic. Similar behavior to that shown in 
Fig. 2 has been observed in other samples, but the differ- 
ences in Ic between the Au and permalloy contacts were not 
as large. 

IV. RESULTS FOR LSMO 

Samples were made by first depositing an LaSrMnO 
film, then an insulating layer of SrTiO, and finally a layer of 
YBCO using pulsed laser deposition. No control film was 
deposited in these samples. 4-terminal resistance measure- 
ments indicate the YBCO had a transition temperature of 86 
K with a width of about 5 K. The LSMO was also charac- 
terized resistively, and was found to have a peak temperature 
of approximately 260 K. All measurements were performed 
with the substrates emersed in liquid nitrogen to insure good 
thermal conductivity to the bath. The effect of the spin po- 
larization, as shown in Fig. 3, was quite large. One way to 
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FIG. 3. Current-voltage curves observed for a LaSrMnO/SrTiO/ 
YBa2Cu307 sample at 77 K. Proceeding from left to right Iqp was: 2.0, 1.8, 
1.6, 1.4, 1.2, 1.0, 0.8, 0.4 and 0.0 mA. 

characterize the current gain is to plot Ic of the YBCO film 
as a function of Iqp. As shown in the inset to Fig. 4, the gain 
is roughly constant at 35. 

A significant portion of the effect, however, may be due 
to heating. Slight suppression of Ic when current passed only 
through the LSMO was observed. In addition, the interface 
between the YBCO and LSMO was found to have a resis- 
tance of approximately 3 Kohm. At the highest currents 
shown in Fig. 3, some 22 mW was dissapated in the sub- 
strate. The relative importance of heating is being studied by 
varying the resistance of the magnetic stripe and by varying 
the resistance of the junction between it and the supercon- 
ducting film. More recently, samples with imporved materi- 
als have been fabricated. The Tc of the YBCO was increased 
to 90 K, with a transition width of only 2 K. The LSMO peak 
temperature incrased to 300 K. Unfortunately, the devices so 
made show little or no gain. It is now clear that the charac- 
terization of the interface needs to be better addressed. Is the 
spin polarization maintained across the interface? What is 
the mechanism for transport across the interface? Is it tun- 
neling of spins, or Ohmic conduction through resistive mi- 
croshorts? These are the questions which are currently being 
investigated with samples of smaller geometries. 

V. THEORY 

The injection of excess quasiparticles into the supercon- 
ductor weakens the pairing correlations, thereby reducing the 
superconducting energy gap Ak. The BCS gap equation, 
which is valid for both equilibrium and nonequilibrium situ- 
ations, quantifies the energy gap reduction, 

Aw 
A*=S   Vkk, — [l-/T(Et,)-/i(£t')], 

k' 2Ek, 

i 2\ 111 

(1) 

where Ek=(ek + Ak)
llz and f„{E^) is the spin-dependent 
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quasiparticle distribution function (QDF). The spin index a 
identifies either the spin up (f) or down (j) orientation. For 
an isotropic gap Eq. (1) can be rewritten 

-In 
A(r) 

Aeq(0) -J: de 
/T(£(6))+/i(£(6)) 

2E(e) 
(2) 

where E{e) = (e + A ) and Aeq(0) is the zero-temperature 
equilibrium superconducting gap. The determination of the 
QDF's are vital for understanding the properties of a super- 
conductor driven out of equilibrium. This can be difficult in 
general, but a useful ansatz is that the QDF has the form of a 
modified Fermi function 

fa(E)= l/[exp(E-/iJ)/M'+l], (3) 

where o-=(T,i) and the quantities ^o* and T* are used to 
parameterize the increased number of excess quasiparticles 
beyond the thermal equilibrium population. In equilibrium 
/4*=/4*=0 and T* = T. The number density of excess 
quasiparticle is given by 

J. Sna=na-nai=N(0) de[fa(E(e))-feq(E(e))], 
J -co 

(4) 

where N(0) is the single-spin density of states at the Fermi 
surface, neq and /eq are the equilibrium single-spin quaski- 
particle density and distribution functions, respectivley. 

The QDF in Eq. (3) is a combination of two phenom- 
enological models of nonequilibrium superconductivity: the 
fi* and T* models. Each is applicable in different circum- 
stances. The ix* model is a reasonable starting point when 
quasiparticles thermalize with low-energy phonons more of- 
ten than they recombine into pairs and when the escape rate 
of phonons from the sample is large.8 In these limits the 
quasiparticles are in steady state at T but have an excess 
number denoted by the increased chemical potential fi*. In 
the opposite limit, where recombination of quasiparticles is 
more likely than thermalization and the escape rate of 
phonons is small, the T* model is applicable.9 The small 
escape rate causes the "phonon bottleneck" where recom- 
bining pairs emit a phonon of energy «>2A but that phonon 
cannot easily leave the sample and, also, has sufficient en- 
ergy to break a pair. The phonon bottleneck drives the 
phonons with energy w>2A out of equilibrium to an effec- 
tive temperature T*. The excess quasiparticles acquire a 
steady-state distribution which is the same as equilibrium 
except that the temperature T* is higher. 

In the analysis of the CLINK device, the T* model was 
used instead of the /n* model since the phonon escape rate 
was considered small and, for tunnel injection of quasiparti- 
cles, recombination tends to dominate thermalization. How- 
ever, spin-polarized injection of quasiparticle changes many 
of these considerations by introducing the spin-relaxation 
rate into the problem. Since it requires both up and down- 
spin quasiparticles to recombine into a pair, a spin-polarized 
population must first undergo spin relaxation then recombi- 
nation. Spin relaxation has a relatively slow time scale com- 
pared to intrinsic recombination and thermalization times; 
thus, quasiparticles have the opportunituy to thermalize to 
the ambient temperature T. With thermalization dominant, 
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FIG. 4. The critical current Ic normalized by the critical current in the 
absence of Iqp as a function of Iqp . The quasiparticle current is normalized 
by the density of states and the gap at 7=0, and by the spin relaxation, tsr. 
The upper curve is for a temperature 7=0; the middle for 7=0.53 Tc and 
the lowest curve for 7= 0.88 Tc. Inset: Measured Ic of the YBCO sample as 
a function of spin polarized current lqp. 

the /n* model becomes viable to the extent that the quasipar- 
ticle injection is spin-polarized. If the phonon escape rate is 
also large then the /i*-model alone [(T* = T) in Eq. (3)] 
should be sufficient. In Fig. 4 we show the results of a cal- 
culation of the suppression of the critical current due to the 
injection of a 100% spin polarized current. 

VI. CONCLUSION 

A large depression of the supercurrent in YBCO films is 
observed when a current from a spoin polarized film is in- 
troduced. Results from the most recent experiments indicate 
that heating may dominate the behavior of these devices. 
Work continues to determine what fraction of the effect is 
due to heating and what part due to spin polarized quasipar- 
ticle injection, and to study the effects of the interface on 
spin injection. 
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Magnetoquenched superconducting valve 
T. W. Clintona) and Mark Johnson 
Naval Research Laboratory, Washington, DC 20375 

A superconducting switch has been developed in a simple bilayer cross strip geometry using the 
magnetic fringe field of a ferromagnetic film to control the critical current in an underlying 
superconducting bridge. The magnetization of the ferromagnet is rotated in the plane of the film to 
vary the magnitude of the fringe field locally applied to the superconductor from negligible to 
substantial values. In the latter case, the magnetization is oriented such that the magnetic poles are 
along the edges of the cross strip directly above the superconductor. The large fringe field near the 
poles suppresses superconductivity over a length of order microns, giving rise to superconducting 
weak link behavior. A large modulation of the critical current is observed. The effect is 
demonstrated in the low Tc superconductors Pb (Tc = 7.3 K) and Sn (Tc = 3.9 K). Fabrication of the 
device involves minimal processing. Applications as a high speed switch, amplifier, nonvolatile 
storage cell, and controllable weak link are possible. © 1998 American Institute of Physics. 
[S0021-8979(98)15811-5] 

There has been considerable effort over a period of de- 
cades to produce low power electronic devices using super- 
conducting elements. In general, these devices are based on 
the principle of switching a superconducting component be- 
tween its zero resistance state and its normal state with non- 
zero resistance. The superconducting field effect transistor 
(SuFET) was one of the first viable three terminal supercon- 
ducting devices1 and has had a recent revival with applica- 
tions to the high Tc superconductors.2 Its operation is based 
on modulating superconductivity with the application of an 
electric field via a gate voltage. Other three terminal devices, 
such as the controllable weak link (CLINK)3 and the quasi- 
particle injection tunneling effect (QUITERON)4 rely on 
quasiparticle injection to locally drive the superconductor out 
of equilibrium and suppress superconductivity. Both devices, 
developed in low Tc materials, showed current gain and the 
QUITERON was demonstrated to possess high switching 
speeds and power gain. These devices eventually lost favor 
because their gain was limited, though there is renewed in- 
terest in nonequilibrium effects generated by spin polarized 
quasiparticle injection in both low Tc (LTS) and high Tc 

(HTS) materials.5 Josephson junction based devices fabri- 
cated in LTS have found success as superconducting quan- 
tum interference device (SQUID) field sensors,6 and the 
rapid single flux quantum (RSFQ) logic circuitry has dem- 
onstrated fast switching and nonvolatile storage capabilities.7 

Equivalent devices in HTS materials have not yet proven 
viable. 

Recently we presented a novel superconducting switch 
in a bilevel thin film structure where the superconducting 
state of low Tc Sn (Tc= 3.9 K) was switched on or off by the 
magnetic fringe field of a ferromagnetic film.8 In this article, 
we present further results on Sn, as well as the first demon- 
stration of the effect in Pb (Tc = 73 K). The critical current 
in a thin film of either Sn or Pb is controlled by the magnetic 
fringe field of a ferromagnetic film deposited as a cross strip 

over the superconductor. The large fringe field near the poles 
of the ferromagnet depresses superconductivity over a length 
of order microns, creating superconducting weak links and a 
correspondingly lower critical current. A large modulation of 
the critical current is observed. A semiquantitative magneto- 
static model of the fringe fields and supporting data are pre- 
sented. 

The device geometry is depicted in Figs. 1(a) and 1(b). 
The superconductor (S) is Sn or Pb, the ferromagnet (F) is 
permalloy (Py), and the insulator, a native oxide layer of 
about 10-Ä-thick SnO or PbO, respectively, inhibits a prox- 
imity effect between F and S. The magnetization M of the 
thin Py film is constrained to the film plane. After M has 
been saturated along the x{y) axis, the dipolar external field 
generated by the remanent magnetization Mr can be charac- 
terized by magnetic poles at the edges of the film parallel to 
y(x). Typical field lines are sketched in Figs. 1(a) and 1(b). 
The field magnitude is large at positions near the poles and 
weak at remote positions. In Fig. 1(a), the magnetization of F 
is oriented along x, the cross strip is extended beyond the 
width of the S bridge, and the magnetic field at S is weak and 
parallel to the film plane. In Fig. 1(b), the magnetization is 
oriented along y, the magnetic poles are along the edges of 
the cross strip directly above the superconductor, and the 
field at S is perpendicular to the plane with substantial mag- 
nitude. 

Figure 1(c) depicts a cross-sectional view of the device 
with Mr of the F film along y. The external field B can be 
calculated from the distribution of magnetic poles and is rep- 
resented by arrows and dotted field lines. To good approxi- 
mation, the surface pole density of magnitude M poles/cm2 

can be represented as a line source located at the middle of 
the end surface and having line density X = dFM. The field 
magnitude in the vicinity of the line source varies inversely 
with distance r, 

"'Electronic mail: clinton@anvil.nrl.navy.mil 
B-- 

A<nMdF    2MdF 

2irr r (1) 
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FIG. 1. (a) Prototype device geometry with F film remanent magnetization 
oriented along i; and (b) along y. (c) Cross section of device geometry 
showing magnetic fringe field of F film and affect on underlying supercon- 
ductor. 

Typical dimensions in these structures are dF=2000Ä for 
the F film thickness, ^ = 400 Ä for S, and the saturation 
magnetization of Py is ATTMS= 11 kG, so the peak value of 
perpendicular field in the superconductor directly beneath 
one of the poles is of the order of a few kG and the decay 
width is less than a micron. In practice, the edges of our F 
films have some degree of roughness and the spatial extent 
of the fringe fields is expected to be broader, accompanied 
by a proportionately diminished value of peak magnitude. 
Nevertheless, a portion of S beneath an edge of F should be 
significantly affected by the relatively strong magnetic fringe 
fields when M is along y, and the short length scale of this 
magnetoquench should result in weak link behavior. Indeed, 
this "quench valve" can control the current flow in S, as is 
demonstrated below. 

The Sn device consists of a 400-Ä-thick Sn film defined 
using a shadow mask to be 2 cm long and 400 fim wide. The 
transition onset is Tc=3.9 K, the width is typically 100 mK 
or less, and the perpendicular upper critical field Hc2 

«850 Oe (r=1.5K). The F film layer is a cross strip of Py 
evaporated by e beam from a Ni08Fe02 source, with dimen- 
sions 2300 Ä thick, 400 fim wide, and approximately 500 
fim long and extending about 50 fim beyond the edge of the 
bridge on each side. The Pb device consists of a 350-Ä-fhick 
Pb bridge (Tc=73 K, Ar^lOOmK) defined photolitho- 
graphically to be 100 fim long and 5 fim wide, with a 2150- 
Ä-thick Py cross strip. A native oxide layer (=10Ä) is 
grown on the surfaces of Sn and Pb by glow discharge in 
oxygen before depositing the Py cross strip. SQUID magne- 
tometer measurements determine the saturation magnetiza- 
tion of the Py to be 4TTMS= 11.5 kOe at T=2.5 K. The co- 
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FIG. 2. (a) Sn-SnO-Py structure, voltage vs current at T=3.80K (Tc 

= 3.9 K) for two remanent magnetization orientations My and Mx . (b) Volt- 
age vs current at T= 2.95 K for two remanent magnetization orientations. 

ercivity depends on several fabrication parameters and varies 
over all samples from Hc*=>2 to 50 Oe. A field on the order 
of 100 Oe is applied along the chosen axis to orient M, and 
is then reduced to zero prior to the transport measurement, 
unless noted otherwise. The data for the Pb device are mea- 
sured in a cryostat with optical access to the sample as part 
of a magneto-optic Kerr effect photometer. Results similar to 
those presented in this article have been confirmed in more 
than ten samples. 

The effect is demonstrated by the voltage versus current 
plot presented in Fig. 2 for a Sn-SnO-Py structure. In Fig. 
2(a), the current-voltage (I- V) characteristics are plotted at 
T= 3.80 K, just below Tc, where the righthand curve (Mx) 
was measured with Mr oriented along x as in Fig. 1(a); using 
a 1 fjN criterion the critical current is /cx=3 mA. The left- 
hand curve {My) corresponds to Mf along y as in Fig. 1(b), 
and now the critical current is /cy= 0. The /- V trace is linear 
for small voltages with a slope of 59 mfl From the normal 
state resistance of the Sn bridge (Ä,= 27ü/cm just above 
Tc), 59 mfl corresponds to a normal region about 20 /mm 
long, or a 10 ^m length under each edge of the F film. At 
lower temperatures as Hc2 of Sn increases, these normal seg- 
ments become narrower and should act like weak links in the 
superconducting bridge when they are comparable to the co- 
herence length £(T). Indeed, the data at lower temperatures 
are consistent with this. In Fig. 2(b) at T= 2.95 K, well be- 
low Tc, we have 7CX=90 mA (Mx) while 7cy=20 mA (My), 
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FIG. 3. Pb-PbO-Py structure, voltage vs current at T=6.2 K (Tc = 7.3 K) 
for two remanent magnetization orientations Mx and My , as well as with an 
applied field Hy = AQ Oe to saturate Py magnetization, My=Ms. Inset: hys- 
teresis loop of Py layer measured with magneto-optic Kerr effect photom- 
eter at room temperature. The Kerr rotation angle 0K, and thus the Py 
magnetization M, is proportional to the photodiode voltage given in fiV. 

a 4.5-fold decrease. Thus, there is still a large suppression of 
Ic in switching magnetization states, but a nonzero 7cy indi- 
cates there is phase coherence across the quenched regions. 
Weak link behavior, such as Shapiro steps in the /- V char- 
acteristics as a function of rf power, and periodicity of Ic in 
applied magnetic flux, <f>, have also been observed.9 

Next, we turn to our Pb-PbO-Py structure. In Fig. 3, the 
voltage versus current characteristic at T= 6.2 K is plotted. 
The righthand curve (Mx) was measured with Mr oriented 
along x as depicted in Fig. 1(a), while the middle curve (My) 
corresponds to Mr along y as shown in Fig. 1(b). Consistent 
with the Sn data, Ic is suppressed when the remanent mag- 
netization Mr is along y (My). The inset of Fig. 3 is a 
hysteresis loop measured on the Py layer at room tempera- 
ture with a magneto-optic Kerr photometer. The photodiode 
voltage is proportional to the Py magnetization M. The co- 
ercivity of the Py is roughly 5 Oe, and the magnetization is 
saturated by 40 Oe. At low temperatures, where the transport 
measurements are done, the loop is somewhat broader. It can 
also be seen from the figure that the remanent magnetization 
is only about half the saturation magnetization, Mr«=Ms/2. 
From Eq. (1), the field at the Py film edge is proportional to 
M so the effect will be strongest with the magnetization 
saturated. The lefthand curve is measured with a small ap- 
plied field along the y direction, Hy = A0 Oe, to saturate the 
magnetization. The applied field is parallel to the plane of the 
film and has no direct affect on the superconductivity at this 
temperature. However, Ic is suppressed even further as the 
Py magnetization is now saturated and the concomitant in- 
crease in perpendicular field at the edge of the film causes an 

even greater quench of superconductivity in Pb, consistent 
with our magnetostatic model. Thus, it is desirable to pro- 
duce ferromagnetic films with a square hysteresis loop, Mr 

^Ms, which is a tractable materials issue but not within the 
scope of this work. 

The novel effect presented here has characteristics that 
make it promising for device applications. Since the switch 
requires zero quiescent power to maintain its state, the device 
is intrinsically a nonvolatile memory element. This coupled 
with its weak link nature puts it in a new class of Josephson- 
like devices: nonvolatile controllable weak links. Because 
the effect arises from the edge of a F film, a device can be 
made on a micron scale without degrading its performance. 
The speed of the device is set by magnetic domain switching 
times in the F film and flux relaxation in the superconductor. 
Domain switching imposes a limit between 1 GHz and 1 
THz depending on material, while flux relaxation depends on 
the dimensions of the superconductor and for a micron scale 
device, these rates should be possible in a variety of 
materials.10 Small currents in a contiguous write wire can be 
used to switch the magnetization of the F film, and this in- 
tegrated device should be capable of current, voltage, and 
power gain, and therefore capable of performing logic func- 
tions. Finally, fabrication of the device involves minimum 
processing. Since the effect does not involve transport, the 
nature of the F-S interface is not important and device fab- 
rication is relatively simple. 

In summary, we have demonstrated a novel supercon- 
ducting switch using the magnetic fringe field of a ferromag- 
netic film to control the critical current in an underlying su- 
perconducting bridge. The effect is robust at temperatures 
well below the superconducting transition. The effect is 
modeled as the result of superconducting weak links being 
generated,9 and as such the switch is in a new class of 
Josephson-like devices. A semiquantitative magnetostatic 
model is in very good agreement with our results.8 
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Novel high-7"c transistors with manganite oxides 
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One viable approach for transistor-like high-rc three terminal devices is the quasiparticle injection 
device (QPID). We have fabricated Au/YBa2Cu3O7/LaAlO3/Nd07Sr03MnO3 (NSMO) and 
Au/YBa2Cu307/LaA103/LaNi03 (LNO) heterostructures on (100) LaA103 substrates by pulsed 
laser deposition for studies of quasiparticle injection effects in high-7c superconducting thin films. 
The effect of the injection of spin-polarized quasiparticles from a ferromagnetic NSMO gate was 
compared to that of unpolarized quasiparticles from a nonmagnetic metallic LNO gate. A current 
gain greater than nine has been attained for spin-polarized QPIDs, which is an order of magnitude 
larger than the gain of spin unpolarized QPIDs. Such large effects could be useful in a variety of 
active high-rc/colossal magnetoresistance heterostructure devices. © 1998 American Institute of 
Physics. [S0021-8979(98)42111-X] 

I. INTRODUCTION 

There has been significant research on the study of tran- 
sistorlike superconducting three terminal devices such as 
flux-flow transistors,1 electric field effect transistors,2 anti- 
vortex Josephson junction transistors,3 and quasiparticle in- 
jection devices (QPIDs).4-10 

QPID is a nonequilibrium device. The injection of qua- 
siparticles into a superconductor (S) creates a local nonequi- 
librium state which changes the quasiparticle spectrum and 
hence alters the superconducting order parameter.1112 This 
usually causes a suppression in the critical current (Ic) den- 
sity. QPIDs with low-7*c superconductors (LTS) have been 
extensively investigated using all kinds of injection sources 
to create the desired nonequilibrium transport for device 
applications.13 HTS, with their lower carrier densities, are 
more sensitive to quasiparticle injection. But the gain has 
been low. Nevertheless, these devices are attractive because 
their speed, which is limited by the effective quasiparticle 
relaxation time, may be of the order of 10-100 GHz.8,10 It 
should be noted that, in all the prior work, the quasiparticle 
injection sources are the free electrons and carry no spin 
polarization from the normal metal (N) gates through the 
insulating barriers (/). 

However, quasiparticles can be spin-polarized. Tedrow 
and Meservey discovered that a ferromagnetic metal elec- 
trode (F) could inject spin-polarized quasiparticles into a 
superconductor.14 Johnson and Silsbee demonstrated that 
spin-polarized carriers injected into a normal metal diffuse 
over a distance Ss, from the F — N interface, and have a spin 
lifetime of Tl (e.g., —560 ps in Nb).15 Recently, an F metal 
layer of La2/3Sr1/3Mn03 has been used as an injection 
source.16 The spin-polarized quasiparticles were indirectly 

"'Currently at Read-Rite Corp., 44100 Osgood Road, Fremont, CA 94539. 

injected into a 600 A thick DyBa2Cu307 superconducting 
channel and a calculated current gain (G), defined as the 
ratio of critical current suppression to injection current (G 
= A/c//inj), of ~1 was achieved. Soon after, Dong et al.[1 

developed an in situ technique using pulsed laser deposition 
to fabricate S-I-N and S-I-F heterostructures for the 
studies of spin-polarized quasiparticle injection effects, 
where S is YBa2Cu307 (YBCO), / is LaA103 (LAO), F is 
Nd2/3Sr1/3Mn03 (NSMO) and N is LaNi03 (LNO). The de- 
vice geometry was designed for electronic applications with 
all quasiparticles directly injected into S. A current gain as 
large as five was attained for spin-polarized injection. This is 
10 to 30 times larger than the gain of unpolarized injection 
devices. It strongly suggests that a new mechanism of pair 
breaking, associated with spin-polarized electrons, may be 
responsible for the suppression of Ic. 

II. EXPERIMENTAL METHODS 

The two structures used in this study are made on (100) 
LAO substrates by pulsed laser deposition. One is YBCO/ 
LAO/NSMO (S-I-F) and the other is YBCO/LAO/LNO 
(S-I-N), where the NSMO is ferromagnetic below 170 K 
and acts as a spin-polarized injection source, while the LNO 
is metallic with quasiparticles carrying no spin polarization. 
The thickness of the LAO barrier layer is varied from 0-560 
A, and the other layers had the same thickness in both device 
structures: 1000 Ä for the top YBCO layer and 2000 Ä for 
the bottom NSMO or LNO layer. All thicknesses were de- 
termined and calibrated by Rutherford backscattering spec- 
troscopy (RBS). The advantage of this comparison between 
the two types of structures, in contrast to comparing the man- 
ganite gate with a conventional metallic gate,16 is that the 
density of the carriers, the effect of lattice matching, the 
natural barrier of the interfaces, channel thickness, etc., are 
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FIG. 1. (a) X-ray diffraction pattern of an in situ trilayer YBCO/LAO (400 
Ä)/NSMO. (b) Ion beam channeling and random Rutherford backscattering 
spectra with 3 MeV He+ ion. 

similar for both of our structures. This allows us to directly 
compare the injection effect of spin-polarized and unpolar- 
ized quasiparticles. 

The laser energy density is 2 J/cm2 for the deposition of 
NSMO and LAO and 1.5 J/cm2 for YBCO.18 The substrate 
temperature is 600 °C for LNO and 800 °C for the other 
layers. During the deposition, the oxygen pressure is kept at 
150 mTorr for YBCO and 400 mTorr for the other layers and 
is increased to 400 Torr during slow cooling of the samples. 
The x-ray diffraction pattern for the resulting S-I-F QPID 
is shown in Fig. 1(a). As can be seen, all layers are highly 
c-axis oriented. The YBCO is in the desired high-rc 123 
phase and the NSMO is in the cubic-type perovskite CMR 
phase, although there are three weak peaks which may arise 
from either (012) YBCO or BaCu02. Figure 1(b) shows 3 
MeV He+ ion Rutherford random backscattering and chan- 
neling spectra which show a minimum yield of ^min^lo^ 
for the trilayer of S-I-F, indicating reasonably good crys- 
tallinity. 

We have implemented a multilevel photolithography 
process involving image-reverse resist, selective wet etching, 
ion milling, thermal evaporation and lift-off procedure to in- 
tegrate the devices on a small scale.17'18 The geometry of the 
devices allows the quasiparticles to be injected fully and di- 
rectly into the S channel. Thus the effect can be studied 
quantitatively. The size of the devices is 20-250 /mi wide 
and 220 fim long. The inset of Fig. 2 shows a schematic of 
our QPID configuration and a circuit for the injection mea- 
surements. The gate is biased with a Keithley 224 program- 
mable current source. A standard four-probe technique is 
used for the electrical transport measurements of the S layer. 
In order to isolate the top Au from the bottom layer, a 2200 
Ä thick rf-sputtered Si02 is deposited over the devices for 
passivation. 

Figure 2 shows the temperature dependence of the resis- 
tivities of the individual layers in the devices: ferromagnetic 
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FIG. 2. R-T curves of YBCO (squares), NSMO (circles), and LNO (tri- 
angles) individual layers. YBCO has a Tc of 89 K, NSMO has a ferromag- 
netic transition at 170 K, and LNO is metallic. The inset is a schematic of a 
QPID. 

NSMO, metallic LNO, and superconducting YBCO. The fer- 
romagnetic transition occurs at 170 K for NSMO, confirmed 
by magnetization measurement. The resistivities of the 
NSMO and LNO layers are ~ 1000 ,u,0 cm and 
~ 300/ill cm at 100 K, respectively, which are a little 
higher than that of the YBCO layer. The Tc of YBCO varies 
between 80 and 89 K in different devices. Vertical transport 
measurements show a contact resistance of order 
10~"4 Q, cm2 for a very thin LAO barrier layer. 

III. RESULTS AND DISCUSSIONS 

As described in Ref. 17, the I-V curves of all devices 
were found to be nonsymmetric. They exhibit a shift with 
respect to the zero current point in addition to showing a 
suppression in Ic. For each /- V curve there are two Ic val- 
ues, positive critical current Icp and negative critical current 
Icn using a voltage criterion of +2 (JN or -2 juV, respec- 
tively. We defined the current shift (/shift) in the /- V curves 
as (Icp + Icn)/2 and Ic to be the half width of the zero voltage 
plateau, namely Ic=(Icp — Icn)l2. This definition of Ic has 
thus taken into account the subtraction of the current from 
the shift caused by the injection current. Note that changing 
the direction of the injection current causes a shift in the 
opposite direction. 

For all the devices we found a linear relationship be- 
tween /inj and /Shift, namely, 7inj= — 7shift, which is a conse- 
quence of the injection current totally participating in the 
current flow in the YBCO layer with zero resistance. In other 
words, if the injection current were parallel to the transport 
current in YBCO, the channel current would increase with 
increasing injection current. If the injection current flowed 
antiparallel to the channel current, the channel current would 
decrease since the injection current is subtracted from the 
transport current. If one takes the shift into account, the I- V 
curves are perfectly symmetric. 

Figure 3 shows the Ic suppression versus injection cur- 
rent at different temperatures for both S-I-F and S-I-N 
QPIDs. In the S-I-F QPID [Fig. 3(a)], the Ic can be sup- 
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FIG. 3. Dependence of the critical current of both (a) Au/YBCO/LAO/ 
NSMO (S-I-F) and (b) Au/YBCO/LAO/LNO (S-l-N) QPIDs, each 
with a 80 Ä thick LAO barrier, on the injection current at different tempera- 
tures. 

pressed to zero while in the S-I-N QPID the Ic suppression 
is less than 30% even with injection currents in excess of 25 
mA [Fig. 3(b)]. The current gain is 3.2 at 80 K for this 
particular S-I-F QPID with an 80 Ä thick LAO barrier. 
This is an order of magnitude larger than that for the S-I-N 
spin-unpolarized QPID (G=£0.3) with the same LAO barrier 
thickness. In addition, we have systematically studied the 
effect as a function of the barrier thickness (details will be 
published elsewhere). A maximum gain of 9.3 was achieved 
at 84 K for an S-I-F QPID with a 160 Ä thick LAO bar- 
rier, which corresponds to a differential gain (dlc/dlmg) of 
14. Typically, current gain is about 2-9 for barriers thinner 
than 200 Ä. Upon increasing the barrier thickness beyond 
200 Ä, the current gain decreases very fast (G=£l). This 
shows that the optimal gain could be attained with a barrier 
thickness between 40-160 Ä. The injection power density 
(Pinj=71

2
njX/?area~l W/cm2) for S-I-F QPIDs is even less 

than that for S-I-N QPIDs. Based on these observations, 
the role of any significant thermal effect may be ruled out. 

Since the sole difference between S-I-N and S-I-F 
QPIDs is spin-unpolarized injection in S-I-N and spin- 
polarized injection in S-I-F, the observation of signifi- 
cantly larger gains for S-I-F QPIDs suggests that spin- 
polarized quasiparticles generate a substantially larger 
nonequilibrium population. Although there is no formal 
theory describing nonequilibrium quasiparticle injection ef- 
fect in HTS, let us do a semiquantitative analysis. The in- 
jected quasiparticle density is given by An = JmjTr(T)/et, 
where e is the electron charge and t is the thickness of 
YBCO.   From experimental 7inj data and the estimation of 
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Tr(T)~ 10 ps, the maximum injected quasiparticle density is 
found to be of order 1017 cm"3. We find that this density 
should be sufficiently large enough to suppress Ic ,6'17 giving 
a current gain of order 0.01-0.1 for S-I-N QPIDs. How- 
ever, the observed gain is of order 1 for S-I-N QPIDs and 
the number of Cooper pairs in YBCO is a few orders of 
magnitude larger than the number of injected quasiparticles. 
This strongly indicates that the mechanism of pair breaking 
due to the injected spin-polarized quasiparticles could be 
very different from that of unpolarized quasiparticles in 
high-7c oxides. We also found that lowering the temperature 
further increases the current gain, which is consistent with 
the measured temperature dependence of the quasiparticle 
relaxation time 77.1 
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Extended x-ray absorption fine structure measurements 
of nonsuperconducting PrBa2Cu306.9: Evidence against 
Ba site Pr substitution 
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Extended x-ray absorption fine structure (EXAFS) measurements on nonsuperconducting 
PrBa2Cu306.9 are reported. Theoretical Pr Ln EXAFS data, calculated for the case of F-site and 
Ba-site occupation, were least-squares fit to the experimental Pr Ln EXAFS. Results indicate that 
the Pr ions overwhelmingly occupy the Y sites. These results present a serious challenge to models 
which rely on Ba-site Pr substitution as an explanation for the lack of superconductivity in 
PrBa2Cu3069. [S0021-8979(98)35711-4] 

Despite more than a decade of intense research, the 
transport properties of the high temperature superconductors 
(HTS) are not well understood. Although the mechanism re- 
sponsible for superconductivity is still under debate, most 
theories agree that the origin of superconductivity resides in 
the Cu-0 planes which are common to all of the HTS. One 
exception is the oxygen or "charge reservoir" model pro- 
posed by Blackstead and Dow (BD).1 

In the RBa2Cu307_5 (R=Y and rare earths) or "123" 
compounds, the Cu-0 chains serve as the charge reservoir. 
All of the 123 materials form metallic superconductors with 
the exception of PrBa2Cu307_5 (PBCO) which, until re- 
cently, was reported to be insulating and nonsuperconduct- 
ing. Nonsuperconducting PBCO presents a challenge to the 
BD model which predicts that this material should supercon- 
duct; therefore, recent reports of superconductivity in Pr ma- 
terials which reportedly have the orthorhombic 123 structure 
have been touted as evidence in favor of BDs model.2 How- 
ever, these reports have yet to be independently verified, and 
the structure has yet to be confirmed by rigorous crystallog- 
raphy. Despite these results, it is still the general consensus 
that stoichiometric PBCO, when synthesized in a form isos- 
tructural with superconducting 123 materials, is both nonme- 
tallic and nonsuperconducting. 

In this article, we present extended x-ray absorption fine 
structure measurements of the nonsupercondcuting com- 
pound PrBa2Cu3069 (PBCO). These results provide new in- 
sight regarding the structure of PBCO and confirm that Pr 
resides on the Y sites and is unlikely to occupy the Ba site in 
this material. This result is in conflict with assumptions made 
by several theories including the BD model. 

A polycrystalline PrBa2Cu306 9 powder was prepared by 
high-temperature solid-state reaction of reagent grade 
BaC03, Pr6On, and CuO in air within an alumina combus- 
tion boat. The starting materials were intimately mixed by 
grinding prior to each heating. As reported by others,3 a large 
number of reheatings, in this case 12, were required to obtain 
a single-phase sample for which all peaks in the powder 

"'Electronic mail: harris@zoltar.nrl.navy 

x-ray diffraction pattern could be accounted for. The mixture 
was heated first at 880 °C, twice at 925 °C, three times at 
935 °C, and then six times at 945 °C. The final powder was 
pressed to ~ 1 g, 13 nm diameter disks that were sintered in 
air at 900 °C cooled at a rate of 75 °C/h to 500 °C, soaked at 
500 °C for 15 days, and then furnace cooled to ambient tem- 
perature. 

A sample disk was ground to a fine powder and sub- 
jected to x-ray powder diffraction analysis using Cu Ka ra- 
diation. All observable reflections in the x-ray powder pat- 
tern were used to refine the orthorhombic unit cell using a 
least-squares method.4 Compared with the single-crystal 
structural data reported for PrBa2Cu306 and PrBa2Cu3069,5 

the c parameter [11.712(1) Ä] and unit cell volume 
[178.33(3) Ä] indicate an oxygen content of 6.9. 

The x-ray absorption coefficient encompassing the Pr 
and Ba L absorption edges and the Cu K absorption edge 
was measured in transmission mode6 using the NRL beam- 
line (X23B),7 at the National Synchrotron Light Source 
(Brookhaven National Laboratory, Upton, NY). Beamline 
X23B employs a double-crystal, fixed-exit monochromator 
with a pair of Si (111) crystals. Harmonic rejection is 
achieved by an upstream mirror that reflects only radiation of 
10 keV or less. The extended x-ray absorption fine structure 
(EXAFS) data were collected when the storage ring energy 
was 2.5 GeV with a ring current between 110-250 mA. Be- 
cause Pr K absorption occurs near 42 keV, too high an en- 
ergy for most synchrotron EXAFS beamlines to operate, and 
the Pr Lm edge is contaminated by the Ba LT edge fine struc- 
ture, the Pr and Ba Ln absorption edges were used for 
EXAFS analysis. 

The EXAFS analysis reported here involves the least- 
squares fitting of the phase and amplitude of experimental 
fc-space data using a linear combination of simulated Pr(Y)- 
site and Pr(Ba)site Ln EXAFS data. The simulated Ln 

EXAFS data were generated using the multiple-scattering ab 
initio FEFF 6 codes of Rehr et al.,s where the FEFF input files 
were generated using ATOM 4.2 codes of Ravel.9 These data 
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FIG. 1. Magnetic susceptibility of PrBa2Cu3069 sample as a function of 
temperature for several applied fields indicating lack of a superconducting 
state. 

will henceforth be referred to as the FEFF data. The 
goodness-of-fit was determined numerically via the x2 fitting 
parameter. 

The input parameters to FEFF codes were the lattice pa- 
rameters determined by x-ray diffraction (XRD), the Debye 
temperature (@D), and an amplitude reduction coefficient 
(S0

2) of 1.0. The number of multiple scattering paths was set 
at six and applied to a cluster size of radius equal to 7.98 Ä 
consisting of a total of 152 atoms, FEFF runs were repeated 
for &D values ranging from 200 to 500 K at increments of 10 
K. These data were then least-squares fit to the experimental 
data with one adjustable parameter, that being the relative 
occupancy of the Pr on the Ba- and Y-sites. Av0 offset was 
systematically stepped through values ranging from ± 5 eV 
at a step-size of 0.25 eV to refine the value of E0, which had 
been arbitrarily assigned during refinement as the energy cor- 
responding to the half height of the absorption step. The 
optimal value was determined by minimizing the x2 fitting 
parameter after which it was held fixed for the remainder of 
the analysis. Fitting was repeated for each combination of 
FEFF data as a function of ©ö until, once again, x2 was 
minimized and a best fit was determined. 

The temperature dependent magnetic susceptibility was 
measured in a SQUID susceptometer. The temperature 
sweeps were taken using applied magnetic fields of 2.0, 1.0, 
0.1, 0.01, and 0.005 T. Except for the 0.005 T temperature 
sweep, data was taken while cooling the samples in field. In 
order to exclude pinning effects as a possible explanation for 
the suppression of any superconductivity, the 0.005 T tem- 
perature sweep was taken by first cooling the sample in zero 
field and then warming the sample in the applied field. The 
results are shown in Fig. 1, and indicate that the powder Pr 
sample is increasingly paramagnetic with decreasing tem- 
perature. A slight "kink" in the data near 12 K is consistent 
with observations of an antiferromagnetic ordering of the Pr 
sublattice which have been reported in numerous studies.10'11 

The absence of any other features in the data is evidence for 
this material being a nonsuperconductor. The sensitivity of 
the system is such that a signal corresponding to as little as 
0.05% bulk superconductivity would be detectable. 

23456789      10 

Photoelectron Wave Vector (Ä"1) 

FIG. 2. Experimental Pr Lu EXAFS after conversion to photoelectron wave 
vector space (k) with best fit data calculated using Y-site Pr L„ FEFF data 
and Ba-site Pr Ln FEFF data. See the text for discussion of calculated data. 
Least-squares fitting was performed using the relative fraction of site filling 
as the only adjustable parameter. The best fit reflects 100% occupation of Pr 
on the Y-sites. 

The Pr Ln EXAFS data was least-squares fit with FEFF 
data as described in Sec. II. The calculated best fit to the 
experimental EXAFS data are presented in Fig. 2. The best 
fit contains 0% Pr on the Ba-site. Again, the only adjustable 
parameter during fitting was the relative fraction of site oc- 
cupation between the Y-site and the Ba-site. Figure 3 is a 
plot of the experimental Pr Ln EXAFS with the Pr(Ba)-site 
Ln FEFF. Because the Pr(Ba) site Ln FEFF is nearly it 12 out of 
phase over a wide range of low-k values with respect to the 
Pr(Y)-site Ln FEFF (see Fig. 3), the least-squares fitting is 
acutely sensitive to even small amounts of Ba-site filling of 
Pr. 

In Fig. 4 is plotted the x2 fitting parameter as a function 
of the percentage of Pr Ba-site filling. In these examples the 
percentage of Pr on the Ba-site was constrained to be a fixed 
percentage (1%-10%) and a least-squares best fit was calcu- 
lated. In order to evaluate the sensitivity of these fitting 
analyses, an uncertainty limit of x2 values was defined by 
fitting the experimental mean ± one standard deviation data 
with fit parameters fixed to those of the best fit. The standard 
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An uncertainty limit of y2 values is defined by fitting the experimental mean 
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Blackstead and Dow present another argument suggest- 
ing that, when prepared using conventional techniques for 
producing superconducting 123 materials, PBCO is nonsu- 
perconducting due to the tendency of Pr to sit on the Ba-site, 
where it acts as a "pair-breaker," thereby destroying 
superconductivity.21 It is hard to reconcile Ba-site Pr with 
extensive XRD studies by Lowe-Ma and Vanderah which 
indicate that PBCO is strictly isostructural with the super- 
conducting 123 structures, except for a slight shortening of 
the apical Cu-0 bond.5 However, the sensitivity of these 
techniques preclude ruling out small (<5%) amounts of Pr 
substitution on the Ba site. The site selectivity and local 
structure sensitivity afforded by the EXAFS technique al- 
lows us to conclude that Pr does not substitute for Ba in this 
compound in amounts greater than 1%. This result precludes 
the possibility of Ba-site Pr as a source of superconductivity 
suppression in PBCO. In light of this new evidence, we con- 
clude that Ba-site substitution of Pr is not a valid explanation 
for the absence of superconductivity in PBCO. This must be 
viewed as a serious challenge for the charge reservoir model. 

deviation is defined by both the statistical uncertainty (merg- 
ing several data sets) and by the uncertainty introduced to the 
data set by the procedural steps leading to and including the 
Fourier transform. Fits which result in x2 values that fall 
outside of these limits indicate that the fit parameters are 
untenable. 

The results presented in Fig. 4 reflect fits where the local 
environment of the Pr ions on the Ba-sites are not allowed to 
relax. This a direct result of limiting the number of adjust- 
able parameters to the fractional site filling. When one al- 
lows an additional degree of freedom, specifically, relaxation 
of the local environment surrounding these sights, then the 
uncertainty limits of permissible \2 values double allowing 
for approximately 1% of Pr ions on Ba sites. 

Several mechanisms have been argued to be responsible 
for the absence of superconductivity in PBCO and/or its non- 
metallic transport. These mechanisms include magnetic pair 
breaking,12 hole filling,13'14 hybridization effects,15 or some 
combination thereof. The most widely accepted theories are 
those which incorporate hybridization effects, since there ex- 
ists an abundance of experimental evidence for hybridization 
of Pr 4/ orbitals with Cu-3d/0-2p valence states.16"18 

Fehrenbacher and Rice (FR)19 and Liechtenstein and Mazin 
(LM)20 have proposed similar theories which argue that this 
hybridization results in the formation of a band which is 
competitive in energy to the normal conduction band respon- 
sible for transport in the superconducting 123 materials. In 
the FR model, this band is described as being very narrow 
resulting in localized states, in contrast, the LM model ar- 
gues that this band is dispersive and attributes the observed 
nonmetallic transport to disorder arising from substitution of 
Pr on the Ba-site. Our results indicate that disorder due to Pr 
substitution for Ba cannot account for the nonmetallic trans- 
port as suggested by LM, suggesting that perhaps some other 
mechanism is responsible for disorder in the Cu-0 planes 
or, as FR have suggested the nonmetallic transport is due to 
localized states in the Cu-O planes coupled with disorder in 
the Cu-0 chains. 

This research was carried out, in part, at the National 
Synchrotron Light Source (Brookhaven National Laborato- 
ries, Upton, NY) which is sponsored by the U.S. Department 
of Energy. 
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Anisotropie thermal conductivity of c-axis aligned Bi2Sr2CaCu2Ox 

superconductor in high magnetic fields 
S. C. Nakamae, J. Crow, J. Sarrao, and J. Schwartz 
National High Magnetic Field Laboratory, Florida State University, Tallahassee, Florida 32310 

The anomalous behavior of the thermal conductivity, K, of high temperature superconductors (HTS) 
has been attributed to two conflicting theories (phonon domination and electron domination) since 
the discovery of HTS. Change in K due to a magnetic field is a direct consequence of additional 
scattering processes between the phonons, the charge carriers, and the flux lines. The existing 
theories predict different scattering effects for the phonons and the electrons. Therefore, knowing 
magnetothermal conductivity can provide useful information for the nature of heat carriers in HTS 
and the understanding of the vortex dynamics. We have measured the in-plane thermal conductivity 
of a c-axis aligned Bi2Sr 2CaCu20J. superconductor in magnetic fields up to 17 T. The magnetic field 
was applied both parallel and perpendicular to the c axis and always perpendicular to the direction 
of heat flow. The results are compared to existing electronic and phononic models. It has been 
discovered that the electronic thermal conductivity, Ke, calculated from the Wiedemann-Franz law, 
does not predict the measured behavior of the thermal conductivity. Rather, the phonon thermal 
conductivity, /cph, calculated from the extended BRT (Bardeen, Richayzen, and Tewordt) theory, 
reproduces the experimental results accurately. The anisotropy of the in-plane magnetothermal 
conductivity is also investigated.   © 1998 American Institute of Physics. [S0021-8979(98)35811-9] 

I. INTRODUCTION 

Much work has been dedicated to the theoretical under- 
standing of the thermal conductivity (K) of HTS. Most of the 
existing theoretical models attribute the enhancement in K 

below the transition temperature, Tc, to be of either the elec- 
tronic origin1'2 or phononic origin.3-5 Furthermore, the crys- 
tal structure of HTS is highly anisotropic, causing anisotropy 
in K. Consequently, the vortex structure in the mixed state of 
a layered HTS is strongly dependent on the field direction 
with respect to the c axis.6 The magnetothermal conductivity 
dependence on the field orientation reflects such vortex 
structure. 

II. EXPERIMENT 

A. Sample preparation and characterization 

The crystals of Bi2Sr2CaCu20^ were grown by a self- 
flux technique7 which produced shiny, micaceous crystals 
with a surface area of 1-3 mm2. The sample used for the 
experiment was cut into a rectangular shape with dimensions 
1.85 mmXl.7 mmXO.035 mm. SQUID and a Cantilever 
magnetometry were used to measure the magnetization and 
the transition temperature, Tc, of the sample. The Cantilever 
experiments were performed in the 20 T superconducting 
magnet (SCM). The upper critical field, Hc2 was estimated 
from the magnetization data. 

B. K Measurements 

The steady-state heat flow technique was used. The ther- 
mal conductivity, K(T), is calculated by 

K(T) = (Q-1)/(AX-AT), 

0021-8979/98/83(11 )/6786/3/$15.00 

(1) 

where Q is the heat input for the sample (provided by a 100 
O chip resistor), / (=0.6±0.05 mm) is the distance between 
the two thermocouples (Type E, 0.0005 in. diameter), Ax is 
the cross sectional area of the sample (Ax= 1.7X0.035 
±0.2 mm 2), and AT is the temperature difference between 
the two thermocouples. The schematic view of the experi- 
mental apparatus is presented in Fig. 1. The sample was 
mounted onto the Cu-heat sink with GE varnish with a thin 
sapphire plate in between for electrical insulation. A radia- 
tion shield can was placed around the sample area, then the 
sample space was evacuated to <10-5 mbar. The sample 
temperature was monitored with a CERNOX temperature 
sensor. The sensor was placed on the Cu-heat sink under- 
neath the base of the sample. The 20 T SCM was used for all 
thermal conductivity measurements. The field was applied 
both parallel and perpendicular to the c axis of the sample. 

Sample (ab-plane) 
 \ 

Chip Heater Q 

^r~7 
Radiation Shield 

Thermocouples 

Cu-ColdHead 

CERNOX Vacuum 

Vacuum 

6786 

Vacuum can, in contact with LHe 

FIG. 1. Schematic view of the experimental apparatus. 

© 1998 American Institute of Physics 
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III. THEORETICAL MODELS 

A. #cph Models 

Most of the theoretical models for the phonon thermal 
conductivity of superconductors available today are based on 
the BRT model8 which describes the /cph in zero magnetic 
field as 

Kph=Af3 |   dx i eV 
2„2 

o    (ex-iy 

+ ytxg(x,y))' 

(l + aCx* + ßtlxz+Stx 

(2) 

where t, x, and y refer to reduced temperature (T/Tc), re- 
duced phonon energy (hco/kBT), and the reduced energy 
gap (A/kBT), respectively. The coefficient A refers to the 
boundary scattering. The coefficients a, ß, S, and y corre- 
spond to the relaxation rates for point-defects, sheetlike 
faults, dislocations and electron scattering. The exact form of 
g{x,y) is found in Ref. 8. 

In the presence of an applied magnetic field, H, the flux 
lines emerge, and thus an additional thermal resistance term 
appears, that is, 

AW{H,T) = K~\H,T)- K-\0,T) = K-^f{HJ).     (3) 

For the in-field correction in the form of Eq. (2), we intro- 
duce an additional scattering term, f(H/Hc2)ytx, where 
f(H/Hc2) is a function of the reduced field. We have as- 
sumed that the relative area within the sample occupied by 
the flux lines is a function of the ratio between the applied 
field strength, H, and the upper critical field Hc2(t). 
f(H/Hc2) must reach 1 (the maximum value) when the ap- 
plied magnetic field exceeds Hc2(t) of the sample at a given 
temperature. The flux lines are treated as line scattering 
sources. A similar analysis has been conducted by Mori et al. 
for the measurements on a Bi ^^Ca^^O;,. polycrystalline 
sample.9 The simplified form of the AW(H,T) is 

W(H,t)-W(0,t) 

i Ar     dx- 
exx4 

>*„\-i ;(f(H/Hc2)y'tx) 
'o      (ex-l)2 

By integrating the above equation one obtains 

r' 
AW(H,t)=—f(H/Hc2). 

Ar 

(4) 

(5) 

Due to the highly anisotropic vortex structure of 
Bi2Sr2CaCu2Ox, the form of f(H/Hc2) and the value of y' 
are expected to be different for H\\c and H±c cases. 

B. Ke Models 

In the electronic models, the main contribution to K is 
believed to be the normal electrons in the Cu-0 planes. 
Thus, we have used the Wiedemann-Franz law in conjunc- 
tion with the experimental data on the microwave surface 
conductivity (a) of a Bi2Sr2CaCu 2Ox single crystal10 to es- 
timate the electronic thermal conductivity in zero magnetic 
field. Ke = LaT, where L, Lorenz number, is taken to be 
2.44 X 10"8 Wfl/K2. Since the sample used in our experi- 
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FIG. 2. (a) Normalized magnetothermal conductivity for HWc axis, (b) Nor- 
malized magnetothermal conductivity for Hl c axis. 

ment contains more scattering sources than a single crystal, 
this value is considered to be the upper limit from the elec- 
tronic contribution to the total thermal conductivity. 

IV. RESULTS AND DISCUSSION 

A. Magnetization results 

From the magnetization measurements taken by SQUID 
and Cantilever magnetometry, the onset transition tempera- 
ture is 85 ± 1 K. From the Cantilever magnetization measure- 
ment results (H\\c), the upper critical field was observed to 
exceed 17 T immediately below Tc, and remains nearly con- 
stant for a wide temperature range for 75 K> T> 35 K.11 Hc2 

at T= 0 K is estimated to be 80 T. For the procedure used to 
estimate Hc2, the readers should refer to Cho et al.11 and 
Hao et al.12 

B. K Measurements and analysis 

The normalized K(H,T) in applied magnetic fields up to 
17 T for the two field orientations are presented in Figs. 2(a) 
and 2(b). The error analysis includes the heat leak through 
the gold wires, radiation loss between the sample and the 
radiation shield, and the voltage response change of the ther- 
mocouples in applied magnetic fields.13 The heat leak 
through the thermocouples was determined to be negligible 
compared to the other error sources. 

First, the zero-field data is compared to the BRT model 
[see Fig. 2(b)]. The coefficients for the best fit are: A 
= 57, a=44, <S=0.1, <S=2.0 and y=83. The energy gap, 
A(0) = 8   meV,  produces  the  correct   K-max(r)   location, 
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FIG. 3. Estimated maximum Ke from microwave surface conductivity data 
and Wiedemann-Franz law. 

though this value is lower than most of the values found in 
the literature.14 Next, the data is compared to the electronic 
model (Wiedemann-Franz law). We have found that if the 
electronic contribution dominates, the peak in K must occur 
at a temperature between 55 and 60 K as shown in Fig. 3. 
Some of the reported K data of Bi2Sr2CaCu2Oj: 

superconductors15'16 show «rmax around 60 K, supporting the 
normal electron scenario; however, our measured peak of 32 
K is approximately 25 K lower. This discrepancy is most 
likely due to the impurity scattering, which effectively re- 
duces the electronic thermal conductivity. For this reason, 
we believe that in our Bi2Sr2CaCu2Ox superconductor, the 
thermal conductivity is dominated by phonons. Therefore, 
we have only utilized the phonon theory in the following 
in-field K analysis. 

C. Kph(H,T) Analysis 

The thermal resistance change (AW) in magnetic fields 
(due to flux lines) are compared to the theoretical values 
calculated from Eq. (5). The results are shown in Figs. 4(a) 
and 4(b). The dotted lines represent the theoretical curves 
with f(H/Hc2) = (H/Hc2)m for HWc measurements and 
f(H/Hc2) = H/Hc2 for Hlc measurements. tfc2(0 K) = 80 T 
was used for both calculations. The Hc2 value is taken to be 
nearly constant for a wide temperature range as discussed 
previously and temperature dependent for t<0.4. The agree- 
ment between the experimental data and the theoretical 
curves is within 10% for all field values. 

V. SUMMARY 

We have shown that the in-plane thermal conductivity of 
c-axis aligned Bi2Sr2CaCu20^ crystals is strongly dependent 
on the phonon contribution, rather than the electronic contri- 
bution. The field dependence of K, f(H/Hc2) is determined 
to be (H/Hc2)m when HWc axis and H/Hc2 when H± c axis. 
The different forms of f(H/Hc2) may be explained by fur- 
ther theoretical studies on the anisotropic vortex-phonon 
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FIG. 4. (a) Thermal resistance change for HWc axis, (b) Thermal resistance 
change for Hl c axis. 

scattering effects (vortex spacing, normal metal coherence 
length, and flux pinning strength). Although the theoretical 
calculations and the experimental results are in agreement, 
we have not considered the Ke contribution. Therefore, the 
inclusion of Ke to the data analysis may improve the theoret- 
ical model especially in the lower field range. 
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Superconductivity in the new quaternary ruthenium borocarbide 
Y-Ru-B-C system 
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Two new quaternary borocarbide phases were discovered in the Y-Ru-B-C system: the (1111) 
YRuBC phase of the LuNiBC-type structure with tetragonal lattice parameters a 
= 3.625-3.630 Ä and c = 7.775-7.874 Ä, and the (1221) YRu2B2C phase of the LuNi2B2C-type 
structure with tetragonal lattice parameters a = 3.742-3.787 Ä and c =10.278-10.453 Ä. Bulk 
superconductivity of 9.7 K was observed from transport and magnetic measurements for the 
annealed YRu2B2C sample with a short Ru-Ru bond length rf(Ru-Ru) = v2 a/2= 2.646 Ä. 
© 1998 American Institute of Physics. [S0021-8979(98)19211-3] 

Superconductors with relatively high Tc up to 23 K have 
been reported in the quaternary borocarbides 
RT2B2C (R = Sc, Y, Th, U, or a rare earth; T=Ni, Pd, or 
Pt).1-13 The superconducting phases have been identified to 
be the LuNi2B2C-type (1221) body-centered tetragonal struc- 
ture with space group IAImmm. The structure is a three- 
dimensionally connected framework with LuC layers alter- 
nated with Ni2B2 layers where Ni is tetragonally coordinated 
by four boron atoms.4 Because of the great potential to find 
high Tc superconductors in this structure and other related 
structures, we investigate the Y-Ru-B-C system. In this 
article we report the discovery of two new quaternary boro- 
carbides in the Y-Ru-B-C system. One is a high Tc com- 
pound YRu2B2C isostructural to LuNi2B2C. 

All YRumBmC (m= 1,2,3,4) samples were prepared 
from high-purity elements (Y. 99.9%, Pd. 99.95%, B. 
99.9995%, and C: 99.995%) with stoichiometric starting 
composition \:m:m:\ (m=l-4) under an argon atmo- 
sphere in a Zr-gettered arc furnace. The starting ingredients 
were slowly arc melted several times in order to ensure neg- 
ligible weight loss and sample homogeneity. For annealing, 
the sample was wrapped in the Ta foil and sealed in a thick- 
wall (2 mm) quartz tube under Ar atmosphere, then annealed 
at 1200-1400 °C for one day. The crystallographic data were 
obtained with a Rigaku Rotaflex rotating anode x-ray diffrac- 
tometer using Cu Ka radiation with a scanning rate of 1° in 
26 per minute. A Lazy Pulverix-PC program was employed 
for phase identification, lattice parameter calculation, and in- 
tensity calculation. 

The magnetic susceptibility measurements were made 
with a yu-metal shielded Quantum Design MPMS2 supercon- 
ducting quantum interference device (SQUID) magnetometer 
down to 2 K in 10 G low magnetic field. The transport re- 
sistance data were obtained using the standard four-probe 
method with an ac (16 Hz) excitation current of 10 mA (rms) 
in the sample space chamber of the MPMS2 down to 2 K. 

For the as-melted YRuBC sample, powder x-ray diffrac- 
tion data show a multiphase pattern with —40% of the new 
LuNiBC-type (1111) phase (tetragonal lattice parameters a 
= 3.635 Ä, c = 7.874 Ä, and a unit volume V= 104.0 Ä3),4 

—40% of new LuNi2B2C-type (1221) phase (tetragonal a 
= 3.787 Ä, c= 10.318 Ä, and V= 148.0 Ä3),4 and -20% of 
unidentified impurity phases. Superconducting transition 
around 4 K was observed but with a very small (<1%) zero- 
field-cooled (ZFC) diamagnetic shielding signal of 9 
X 10~6 emu (g G) at 2 K. This superconducting signal dis- 
appeared after the sample was annealed at 1200 °C for one 
day. The x-ray pattern for annealed sample indicates that 
after annealing, both the (1111) phase (a = 3.620 Ä, c 
= 7.775 Ä and V= 101.9 Ä3) and the (1221) phase {a 
= 3.787 Ä, c= 10.314 Ä, and V= 147.9 Ä3) have a slightly 
reduced volume due to thermal diffusion and possible boron/ 
carbon loss during annealing. 

For the as-melted YRu2B2C sample, the powder x-ray 
diffraction data also show a multiphase pattern with —70% 
of the new tetragonal (1221) phase (a = 3.780 A, c 
= 10.278 Ä, and V= 146.9 Ä3), no new (1111) phase, and 
—30% of unidentified impurity phases. No superconductivity 
was observed down to 2 K for the as-melted YRu2B2C 
sample. It is noted that the new (1221) phase unit cell vol- 
ume of 146.9 Ä3 in the as-melted YRu2B2C sample is 
smaller than 147.9-148.0 Ä3 observed from the multiphase 
YRuBC sample. 

In order to enhance the effect of thermal diffusion and 
sample homogeneity through heat treatment, the YRu2B2C 
sample was annealed at a very high temperature of 1400 CC 
for one day in a thick-wall (2 mm) quartz tube. After the 
high temperature annealing, the x-ray diffraction pattern in 
Fig. 1 shows no improvement of the new (1221) phase con- 
centration (—70%) but with a smaller unit cell volume (a 
= 3.742 Ä, c= 10.453 Ä, and V= 146.4 Ä3). The calculated 
intensity using the atomic positions of the LuNi2B2C-type 
(1221) phase4 in YRu2B2C is shown in Fig. 2 for compari- 
son. All unidentified impurity phases in as-melted sample 
disappeared after annealing, with the emergence of a new 
impurity phase of ternary YRu4B4 with tetragonal lattice pa- 
rameter a = 7.45Ä, c = 14.99 Ä.14 The variation of lattice 
parameters and unit cell volume for the new (1221) phase 
indicates that there is a homogeneity range 
YRu9_vB,_vC1_2 for the phase in the Y-Ru-B-C phase 

''Electronic mail: hcku@phys.nthu.edu.tw 

*2-xDl-y 
diagram. 

The   low temperature   relative   electrical   resistance 
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FIG. 1. Powder x-ray diffraction patterns of annealed YRu2B2C sample. The 
new LuNi2B2C-type (1221) tetragonal phase lines are indexed (a = 3.74 Ä, 
c-10.453 Ä). Major impurity is the ternary tetragonal YRu4B4 (marked by 
(4), with a = 7.45 Ä, c= 14.99 Ä). 
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FIG. 3. Low temperature relative resistance R(7")/ß(300 K) of annealed 
YRu2B2C sample, with Tc(onset) at 10 K, 7"c(mid) at 9.7 K, and rc(zero) at 
9.6 K. 

R(T)/R(300 K) for the annealed YRu2B2C sample is shown 
in Fig. 3. A sharp superconductivity transition with zero re- 
sistance rc(zero) was observed at 9.6 K and a superconduct- 
ing onset (1%) Tc(onset) around 10 K. The resistance de- 
creases monotonically with decreasing temperature as 
expected for a metallic compound, with a large extrapolated 
residual resistance ratio /?(0)//?(300K) of 0.73 due to the 
impurity scattering of the ternary YRu4B4 phase. Since the 
YR.U4B4 impurity phase is a low Tc superconductor of 1.4 
K14 and other ternary impurities YRuB2 (7'(. = 7.8K), 
YRuB4 (Tc = 1.4 K), and YRu3B2 (no Tc down to 1.2 K)15-16 

were not observed, the new 10 K superconducting phase 
with narrow transition width of 0.4 K is probably due to 
the new (1221) phase having a shorter Ru-Ru bond 
length d(Ru-Ru) = v2 a 12= 2.646 Ä as compared with d 
= 2.673 Ä for the as-melted sample. In the isostructural non- 
magnetic RNi2B2C system, similar Tc variation versus 
Ni-Ni bond length was observed with Tc of 17 K for 
d(Ni-Ni)=2.53 Ä, 4 K for 2.65 Ä, and below 1 K for 2.68 
Ä.9 For the nonmagnetic RPd2B2C system, Tc of 23 K for 

Pd-Pd bond length d(Pd-Pd)=2.53 Ä and 2 K for d 
= 2.80 Ä were observed.11 

The bulk nature of superconductivity can be checked 
through the magnetic measurement. The low temperature 
mass magnetic susceptibility Xg(J) °f tne same sample is 
shown in Fig. 4 for both the zero-field-cooled (ZFC) and 
field-cooled (FC) measurements in a low applied field of 10 
G. A diamagnetic superconducting transition signal was ob- 
served at 9.7 K, a value equal to the midpoint transition 
rc(mid) of 9.7 K from the transport measurement. A large 
ZFC shielding signal of - 1.9 X 10"2 emu/(g G) at 2 K for 
the bulk sample indicates the bulk superconducting effect 
(using the calculated x-ray density of 7.12 g/cm3). For the 
powder sample (200 mesh), smaller ZFC signal of -3.4 
X 10~3 emu/(g G) at 2 K was observed in Fig. 5, due to the 
multiphase nature of the sample. A large FC signal of 
-2.0X 10~3 emu/(g G) at 2 K for powder sample was ob- 
served as compared with smaller FC signal of -2.9 
X 10~4 emu/(g G) at 2 K for bulk sample to de-pinning in 
the powdering process. 
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FIG. 2. Calculated intensity of LuNi2B2C-type (1221) tetragonal phase in 
YRu2B2C. 
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modes. The superconducting transition Tc at 9.7 K was observed. 
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FIG. 5.  Low temperature mass magnetic susceptibility xs °f annealed 
YRu2B2C powder sample (200 mesh). 

To check the impurity superconductivity, two more 
samples were prepared. For the YRu3B3C sample, the x-ray 
data showed mostly the YRu4B4 phase (—80%) for both as- 
melted and annealed samples. Two small superconducting 
transitions around 8 K ZFC diamagnetic signal of 1 
X 10~5 emu/(g G) at 2 K and 4 K [ZFC diamagnetic signal 
of 2X10~4 emu/(g G) at 2 K] were observed. Since the 
orthorhombic ternary YRuB2 phase has a Tc of 7.8 K,16 the 8 
K transition is probably from the impurity YRuB2 phase or 
the new YRu2B2C phase. For the YRu4B4C sample, the x-ray 
data show mostly the YRu4B4 phase (>90%) for both as- 
melted and annealed samples. A small superconducting tran- 
sition around 3 K was observed with the ZFC diamagnetic 
signal of 5 X 10"5 emu/(g G) at 2 K. 

In conclusion, two new quaternary borocarbide phases 
were discovered in the Y-Ru-B-C system: the (1221) 
YRu2B2C phase of the LuNi2B2C-type structure and the 
(1111) YRuBC phase of the LuNiBC-type structure. Bulk 
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superconductivity of 9.7 K was observed for the annealed 
YRu2B2C sample with the shortest Ru-Ru bond length. Im- 
purity superconductivity of 3-4 K was also observed in the 
Y-Ru-B-C system. 

This work was supported by the National Science Coun- 
cil of the Republic of China under Contract Nos. NSC86- 
2112-M007-007and-025. 
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Electron correlation in antiferromagnet and superconductor thiospinel 
Cu-Co-S4 

Kazuo Miyatania) and Toshiro Tanaka 
Department of Materials Science and Engineering, Ehime University, Matsuyama 790-8577, Japan 

Masayasu Ishikawa 
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The Co-rich system (Co1_xCu^)Co2S4 0 = 0-1) and the Cu-rich system Cu[CuxCo2_^]S4 (x 
= 0-0.5) were synthesized, and x-ray diffraction, magnetic susceptibility *, and electrical 
resistivity p were studied. Curie-Weiss-type susceptibility with an antiferromagnetic structure with 
7V«20 K was observed for x = 0.3-1 in the Co-rich system. This type of antiferromagnetism 
showed a similar behavior with those obtained previously for an antiferromagnetic and 
superconductive Cu-rich system, p showed a typical metallic-type temperature dependence and is 
proportional to T for the Co-rich system with antiferromagnetism and showed quadratic temperature 
dependence with the cross over temperature of 75 K for the Cu-rich system with antiferromagnetism 
and superconductivity. A 3d hole-electron correlation was observed to be concerned with Cu-S 
superconductivity.   © 1998 American Institute of Physics. [S0021-8979(98)16811-1] 

I. INTRODUCTION 

In copper oxide high-temperature superconductors 
(HTS), the 3d hole carrier in the bonding orbits (3dy-pa) 
of the two-dimensional copper oxygen Cu02 plane is respon- 
sible for the superconductivity, and the anisotropic properties 
result in complicated properties and physics. Among the 
various theoretical aspects for the origin of the superconduc- 
tivity, the electron correlation is believed to take an impor- 
tant role. 

From various exploring works on the copper sulfide su- 
perconductors by the present authors,1'2 the Cu-rich system 
Cüi+xCo2-xS4 (x = 0-0.5) was found to show an antiferro- 
magnetic behavior on magnetic susceptibility with the Neel 
temperature TN^20 K(x = 0-0.5) and to show superconduc- 
tivity below Tc = 4.0 K depending on x = 0-0.5. In the sys- 
tem, Cu-S bonding orbits are formed resulting in p-type 
conductivity like the case of Cu-O bonding in HTS. From a 
NMR study3 on CujJCOJ 5S4 an enhancement of (T^)"1 at 
TN was observed. 

In this work, a Co-rich cubic spinel system 
(Co1_xCuJ.)Co2S4 (x = 0-l) was developed and the crystal- 
lography, magnetic susceptibility, and electrical resistivity 
were studied to extend the understanding of the antiferro- 
magnetism and superconductivity in the Cu-rich system. 

II. EXPERIMENTS 

The polycrystalline samples of the Co-rich system 
(ColxCuJ.)Co2S4 (x = 0-1) and the Cu-rich system 
Cu1+xCo2_A;S4 0 = 0-0.5) were synthesized by a standard 
vacuum sealed quartz ampoule method. Starting materials of 
CuS, Co, and S were used, and the ampoule was heated at 
500-800 °C for 20 h depending on the Cu composition. The 
system was synthesized well only when ~ 2 wt % moisture 

"'Electronic mail: miyatani@enz.ehime-u.ac.jp 

was charged as a carrier gas. X-ray diffraction analysis 
showed these samples to be single phase and the Rietveld 
analysis showed that the whole system is a normal cubic 
spinel with the ionic distributions of (Co1__cCu^)[Co2]S4 and 
Cu[Cu;cCo2_;t]S4. 

The lattice constant a and the u parameter, anion posi- 
tion, are shown in Fig. 1 over the entire range of Cu and Co 
concentrations, where starting from Co3S4(x = 0), a{x) in- 
creases nonlinearly as Cu concentration increases, while the 
u parameter changes linearly within the experimental error 
and obeys the Begards law. The Cu locates in the tetrahedral 
site in the Co-rich system, and goes to the octahedral site 
also in the Cu-rich system. 

The magnetic susceptibility of the Co-rich system 
(Co! _A.CuJ)Co2S4 was measured above 2.8 K using a vibrat- 
ing sample magnetometer. The low Cu doping range (x 
= 0-0.2) basically showed a Pauli paramatism with a small 
temperature dependence. While Curie-Weiss-type suscepti- 
bility x was observed for x = 0.3-1, and an antiferromag- 
netic structure was observed below T>°=> 20 K, which we as- 
sumed to be the Neel temperature. This antiferromagnetism 
continues to the superconductive Cu-rich system, which was 
observed previously.2'3 This antiferromagnetism is being 
studied by Sugita et al.A of our working group using the 
NMR technique, and the (TXT)~X enhancement was ob- 
served at —55 and ~20K for x = 0 and 0.3, respectively, 
corresponding to the weak antiferromagnetic Neel tempera- 
ture TN. 

The electrical resistivity p of the two systems was also 
measured above 10 K on the sintered and shaped bar samples 
by the conventional four-probe ac technique at 10 Hz using a 
helium refrigerator, and the results are shown in Figs. 2 and 
3 for the Co- and Cu-rich systems, respectively. In the case 
of the Co-rich system in Fig. 2, p is, typically, metalliclike 
and is proportional to T except near Co3S4(x = 0-0.15). p of 
Co3S4 decreases rapidly below ~150K and has a convex- 
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FIG. 1. The lattice constant a and u parameters of the Co and Cu systems 

CuJ.Co3_jrS4 with cubic spinel structure. 

type change. A small but broad structure was observed on 
the curve below ~ 60 K. It was also observed that the p of 
low-level Cu doping (x^O.05) increases abruptly at low 
temperature, and a resistivity minimum appears at about 55 
K, which corresponds to the TN of Co3S4. This resistivity 
minimum becomes less pronounced as the Cu concentration 
increases and disappears for the high-density Cu lattice x 
>0.2. 

p of the Cu-rich system with superconductivity showed a 
very large temperature dependence even in the normal state 
as is shown in Fig. 3. p of CuCo2S4(x = 0) is, typically, 
metalliclike and is proportional to T, however, p for x 
= 0.3, 0.4, and 0.5 rapidly decreases as the temperature is 
lowered with a convex-type temperature dependence. The 
convexity is enhanced as x increases to 0.5, and it becomes 
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FIG. 2.  The resistivity measured at ac (10 Hz) of the Co-rich system 

(Co1__cCuJ.)Co2S4 (x = 0-l) in the normal state. 
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FIG. 3.  The resistivity measured at ac (10 Hz) of the Cu-rich system 

Cu[CuxCo2-JS4 (x = 0-0.5) in the normal state. 

superconductive   in   low   temperature   at   rc = 4.0K   for 
Cu1.5Co1.5S4(x = 0.5). 

The self-consistent renormalization spin fluctuation 
theory5 and Fermi-liquid theory with a strong electron 
correlation6 suggest that the resistivity has a temperature de- 
pendence of 

10l 10' 
Temperature  (K) 

i<r 

FIG. 4. The log (p-p0) vs log T plots for the square law fitting in the 
normal state of the Cu-rich superconductive samples. 
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TABLE I. The quadratic term coefficient A and related parameters with typical heavy Fermion Kondo com- 
pounds and normal metals. 

A y 
Crystal structure      TN (K) Tc (K) (fiil cm/K2) (mJ/mol K2)        m*/m 

CUL5C0L5S4 Cubic spinel 20 4.0a 1.51-9.1 
(/Pt3 Hexagonal 17 0.49-0.52 1.6(1 c),0.7 (lie) 
C/Ru2Si2 Tetragonal 17.5 1.2 0.119 
Pd fee ••• ••• 10"5 

Ag fee ■•• ■■■ 10~7 

450 180-230 
180 140 

9.4 
0.6 

"Our updated value is extended to 4.9 K. 

p(T) = p0 + AT2/(T+Tt) = p0 + A,T2 

for T<Tt 

= p0+AhT   for T>Tt. 

The electrical resistivity is, thus, expected to have a 
quadratic-type temperature dependence below the transfor- 
mation temperature T, and the linear temperature depen- 
dence above Tt. 

p for the three samples of Cu[ 5Co, 5S4, synthesized at 
500, 680, and 800 °C, are plotted in Fig. 4 to see the tem- 
perature dependence in terms of p(T) = p0 + AT". It is 
shown that the resistivity fits relatively well with the qua- 
dratic term n = 2 at low temperature and fits with a linear 
temperature term n = 1 above the crossover temperature T,. 

The coefficient A is obtained from the quadratic term in 
Fig. 4 to be 1.5-9.1 yuWcm/K2 over all samples, and the 
crossover temperature Tt, which should correspond to the 
Debye temperature, to be ~ 75 K, respectively. It is interest- 
ing to compare A with those known as the typical Kondo 
compounds [/Pt3(0.7llc,yitWcm/K2) (Ref. 7) and 
(/Ru2Si2(0.119/xWcm/K2) (Ref. 8) and those of typical 
metals Ag(10"VW cm/K2) and Pd(10~5 (iW cm/K2). 
These values of A are listed in Table I with the Sommerfeld 
parameter y and the effective mass ratio m*lm. It is shown 
that the resistivity of Cu!JCOJ 5S4 has a large quadratic term 
coefficient A comparable with those of the Kondo com- 
pounds known as the typical heavy Fermion. 

III. DISCUSSION 

The susceptibility shows an antiferromagnetic structure 
with TN*=>20 K for the Co-rich system (x = 0.3-1), and the 
electrical resistivity rapidly changes from a quadratic-type to 
a metallic one by Cu doping (x = 0 - 0.2), as is seen in Fig. 2. 
Cu doping also causes the resistivity minimum at ~ 55 K, 
which corresponds to the Neel temperature of weak antifer- 
romagnetic Co3S4(x = 0).4 Thus, p seems to be sensitive 
with the spin state in the k space. 

The coefficient A of the quadratic term given in Table I 
is proportional to the square of the Sommerfeld parameter 
y? The present result shows that A has the same order of 

magnitude as the typical heavy Fermion compounds. This 
suggests that the superconductivity of the Cu-rich system is 
related to the large value of A, reflecting large y, large ef- 
fective mass m*, a high density of state at the Fermi level, 
and a strong 3d hole correlation. 

In the case of the TI-221 HTS Cu-0 system,9 the resis- 
tivity shows the T linear type for the superconductive 
samples and shows the quadratic type for the nonsupercon- 
ductive sample depending on the oxygen concentrations. In 
contrast to this work, the present result for the Cu-S spinel 
system shows that the quadratic term is observed only for the 
Cu-rich superconductive compositions, but the linear term 
only for the Co-rich nonsuperconductor (x = 0.3-1). We, 
thus, conclude that the present Cu-S system presents a typi- 
cal example for the superconductivity concerned with the 3d 
hole electron correlation. Understanding of the spin correla- 
tion of antiferromagnetism with superconductivity is, how- 
ever, still left to study in future work. 
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Plausible cf-wave cuprate superconductivity: Muon-spin-relaxation studies 
of RBa2Cu307_<5 vortex states 
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The rare-earth (R) magnetism and grain-size dependencies of magnetic field distributions in 
RBa2Cu307_5 (RBCO) vortex states have been studied. A maximum-entropy technique has been 
applied to transverse field muon-spin-relaxation data of several polycrystalline cuprate 
superconductors. The main vortex signals for R=Er, Gd, and Ho reveal signs of two peaks in the 
field distribution below the applied field (ßext=l k0e) as predicted for d-wave superconductivity. 
For the RBCO (i?=Er, Gd, Ho, Eu, Y) vortex states, we have confirmed low-field tails in the field 
distributions well below 5ext. The low-field tail may be caused by magnetic frustration in the vortex 
state or possible CuO-chain superconductivity below 25 K. Any interpretation of these (magnetic) 
vortex anomalies should comprise unconventional non-Bardeen-Cooper-Schrieffer-like 
fundamental properties of the cuprate vortex states. © 7998 American Institute of Physics. 
[S0021-8979(98)19311-8] 

I. INTRODUCTION AND D-WAVE VORTEX STATES 

Significant contributions toward understanding the vor- 
tex states of the cuprate superconductors are being made by 
magnetic resonance applications. Muon-spin-relaxation 
(fiSR) studies of these mixed magnetic and superconducting 
states may provide direct answers to critical questions such 
as whether the magnetic field distribution shows the two dis- 
tinct peaks in the main vortex part, as predicted by the 
Ginzburg-Landau (GL) theory.1 The /tSR studies2 have in- 
dicated deviations from typical type II Abrikosov vortex be- 
havior. Studying the interplay of magnetism and supercon- 
ductivity can lead to a better understanding of the physical 
origin of cuprate superconductivity. 

Although there is no general agreement on the funda- 
mental mechanism of cuprate superconductivity, an excellent 
approach is the phenomenological (GL) theory. Application 
of the GL theory to conventional superconductors has re- 
vealed its ability to predict most of their vortex properties. 
The GL theory is based upon general concepts related to 
symmetries of the vortex system under investigation. With 
this approach, one adopts the basic assumption that "Coo- 
per' ' pairs exist. Cooper pairs can be described by an ' 'order 
parameter" Y(r), and the "super-electron" density is given 
by |Y(r)|2. 

The GL theory (appropriate for c?-wave symmetry) in- 
volves both d-wave and induced «-wave order parameters. 
Assuming type-II superconductivity, the magnetic field dis- 
tribution in the d-wave vortex state can be predicted.' Char- 
acteristic of a rf-wave superconductor, an oblique vortex lat- 
tice has been found; two distinct Van Hove-like singularities 
lead to the prediction of two distinct peaks in the magnetic 
field distribution of the vortex state.1(c),1(d) 

■>i Electronic mail: boekemac@aol.com 

II. (iSR RESEARCH AND DATA ANALYSIS 

In our /ASR research, we have investigated2 the vortex 
states of ceramic cuprate superconducting RBa2Cu307_5 

RBCO samples which have Tc's ranging from 66 to 94 K. R 
signifies a rare-earth (RE) element such as Er, Gd, Ho, Eu, or 
(the RE-like element) Y. The polycrystalline cuprate samples 
are high-quality single-phase ceramics prepared at Los Ala- 
mos National Laboratory. The samples were field cooled in 1 
kOe transverse fields. 

The fiSR technique is similar to nuclear magnetic reso- 
nance (NMR) and the Mössbauer effect. In the transverse- 
field (TF) mode, the Larmor precession of the muon spin is 
proportional to the magnetic field at the muon-probe site. In 
/xSR studies of magnetic field distributions, the recorded 
muon-decay time histograms are analyzed by the maximum- 
entropy (ME) method. Spectral densities found in the ME 
transform reflect directly the field distribution.2^'3 ME has 
the advantage of producing in the frequency transform only 
structure for which sufficient statistical evidence in the time 
series is present. We analyze TF/xSR data using an ME 
method based on the Burg algorithm for minimizing noise in 
the equation 

Si = ^ckSi_k + ni, 

where S{ is the muon-spin polarization at time i, and nt the 
assumed white noise term. The autoregressive coefficients ck 

(k=l,...,p) are determined from the data, where p is the 
order of the model description. To maximize the ME-/xSR 
signal-to-noise ratio, St can be weighted before ME transfor- 
mation by an exponential or Gaussian filter function with a 
filter time Tf. Most ME analyses are performed using a 
Gaussian filter function, as fiSR signals with Gaussian relax- 
ation are expected below Tc. This reduces noise, but causes 
an expected l/Tf broadening effect in the ME transforma- 
tion. 
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FIG. 1. ME transforms for ErBCO jttSR time-histogram data recorded at 1 
kOe, and 4.5 K (•) and 5.5 K (O). Gaussian filtering (Tf=0.1 fis) and 
background correction have been done. The falloff at 4.5 K (seen near 700 
Oe) starts to disappear above 5 K; consequently, the main vortex and GB 
signals increase in intensity. The low-field tail stretches out to zero field; 
compare with the YBCO vortex (Fig. 3) result. 

III. MAIN RESULTS and DISCUSSION 

ME-yuSR analysis has shown the following features for 
RBCO vortex states: (0). A major vortex signal below the 
applied field of Bexl=l kOe (see Fig. 1); (1) signs of the 
predicted twin peaks in the main vortex signal (suggesting 
rf-wave symmetry, see Fig. 2); (2) a falloff below the applied 
field, when R is magnetic, and near 4 K; (3) a low-field tail 
below 25 K; (4) a peak near the applied field. 

Likely, the major part corresponds to the vortex structure 
as observed by neutron scattering.4 Deviations 2 and 3 (see 
Fig. 1) indicate an unusual interplay between magnetism and 
superconductivity    for   the    RBCO    vortex    states.    As 
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FIG. 2. ME transforms for GdBCO yttSR time-histogram data recorded at 1 
kOe, and 4.3, 6.5, and 15 K. Gaussian filtering (Tf=4A/j,s) and back- 
ground correction have been done. The signals near the applied field are due 
to grain boundaries. A twin-peak signature can be seen developing below 10 
K. 
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FIG. 3. ME transform for YBCO (large 70 ßm grains) /iSR time-histogram 
data recorded at 1 kOe, and 3.2 K. Gaussian filtering (Tf= 1 ps) and back- 
ground correction have been done. The low-field tail can clearly be seen. 
Below 600 Oe, the spectral density in the vortex field distribution is zero; 
compare with the ErBCO vortex (Fig. 1) results. 

predicted1(c),1(d) for rf-wave superconductivity, the main vor- 
tex signals for R=Ho, Gd, and Er reveal signs of two peaks 
in the field distribution below the applied field below 10 K. 
Above 10 K, this signature disappears and is not present 
above 25 K. In Fig. 2, we show ME spectral density trans- 
forms for GdBCO (using 4.4 fi Gaussian filtering) indicating 
signs of twin peaks, as predicted by the d-wave GL theory. 
Near 4 K, the main vortex signal with these peaks superim- 
posed shifts to lower fields, as the magnitude of the R mag- 
netic moment increases. 

For the RBCO (fl=Er, Gd, Ho, Eu, Y) vortex states, we 
also have observed low-field tails in the field distributions 
well below ßext. The low-field tail is only present below 25 
K. This tail is not seen in the real parts of the Fourier trans- 
forms (FT) because of sine-wiggle and truncation 
effects.2(a)'3 (The real FT part approximates the field distri- 
bution.) These non-Abrikosov tails in the YBCO vortex field 
distributions are slightly grain-size dependent.2(d) In Fig. 3, a 
ME transform is shown for a YBCO sample having a large 
grain size (—70 /mi), with ytiSR data recorded at 1 kOe and 
3.2 K. The spectral density behavior and thus the field dis- 
tribution at the muon-probe sites5 confirm the low-field tail 
(0.60-0.75 kOe) for RBCO vortex states with a nonmagnetic 
R ion. 

The /?-layer magnetism spreads the tail out to lower 
fields; for R=Er, this tail reaches as low as zero field (see 
Fig. 1). We speculate that the low-field tail is caused by 
magnetic frustration2(b) in the vortex state or possible CuO 
chain superconductivity below 30 K. The latter possibility 
has been suggested by NMR evidence.6 Note also that the 
muon-probe sites are very near to the CuO chain layers.5 

Furthermore, this tail does not show up in the vortex field 
distributions of the cuprates Bi2212 and T12223 (at 5 
kOe).2(b) 

In ME transforms using an exponential filter time Tf 
= 4.4 fis, the peak near the applied field clearly stands out, 
and its position is slightly T-dependent. This grain-boundary 
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TABLE I. Measured and predicted /iSR twin splittings for RBCO vortex 
field distributions. 

R TC(K) T(K) ötwin(MHz) 

Er 94 7.5 0.2 
5.0 0.4 

Gd 93 6.5 0.3 
4.3 0.4 

Ho 66 10 0.4 
6.2 0.6 

a 0 0.1 
b 0 0.2 

/ttSR simulation0 
0.25 

aReference 1(c). 
Reference 1(d). 
cUsing a 0.2 MHz twin-splitting value. 

(GB) peak originates from grain boundaries or other nonsu- 
perconducting regions, where disorder in the chain layers 
exists at the atomic level. This particular /JLSR signal is not 
seen in the vortex states of Pb09In0 l5

2(c) a prime example of 
a classical Bardeen-Cooper-Schrieffer (BCS) supercon- 
ductor. 

In Table I, we summarize the observed twin splittings 
and compare with the GL predictions. The ME estimates of 
the observed twin-peak splittings are about 2.5 times larger 
than predicted. Because of the large overlap of the GB peak 
and the main vortex signal for nonmagnetic R's, no precise 
determination has been made in such cases, although weak 
indications do exist. To clearly resolve the predicted split- 
ting, a fiSR time window of at least 5 /AS is required to see 
the "beat" pattern in the time histogram created by these 
twin peaks. Our /JSR time window is about 7.2 /AS (such a 
relative short time is the main reason a Fourier analysis will 
fail to show this twin-peak signature). 

The main vortex signal is shifted from the GB signal as 
a result of the R-layer magnetism. However, this magnetic 
effect may also have enhanced the splitting. The alternative, 
that the second peak is caused by R magnetism, is less likely: 
the observed splitting appears to be independent of the R 
magnetic moment. In contrast, the falloff and low-field tail 
shift to lower fields with increasing R  moment.2 Note,        5V- s- Stephenson, Prog. NMR Spectrosc. 20, 515 (1988) 
R -layer magnetism in RBCO already has shown anomalous 
behavior: for instance, unusual high magnetic ordering tem- 
peratures (near 2 K for 7?=Er and Gd). 

The fact that the observed twin splitting is temperature 
dependent (see Fig. 2 and Table I) substantiates the likely 
existence of the twin-peak signature below 10 K. Preliminary 
ME transforms of simulation itSR data using the twin- 
splitting prediction value1(d) reveal a twin splitting enlarged 
by only 25% (see also Table I). Compared to the much larger 
observed splitting, this is not unexpected, and perhaps ac- 
ceptable: namely, the cuprate vortex state is not typical type 
II (as is assumed for the J-wave vortex state). 

IV. CONCLUSION 

Maximum entropy is a sensitive method for examining 
/itSR vortex spectra. Not only has ME-itSR analysis indi- 
cated magnetic anomalies in the vortex state, but is allowing 
for the current analysis of d-wave symmetry in cuprate su- 
perconductivity. Our ME-//.SR studies, especially the confir- 
mation of the low-field vortex tail, indicate that cup rate 
superconductivity differs substantially from type II BCS-like 
behavior. Unusual characteristics like a falloff and low-field 
tail in the vortex field distributions do not conform to Abri- 
kosov features of type II superconductors. The behavior of 
the cuprate vortex state indicates plausible J-wave symme- 
try, which could be an essential key ingredient in the under- 
standing of the cuprate superconductivity mechanism. 
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Flux patterns of multifilamentary Ag-sheathed (Pb,Bi)2Sr2Ca2Cu3O10+(5 tapes comprising 19 
filaments are visualized by means of magneto-optic imaging. In low fields, the shielding currents are 
seen to flow mainly in the outermost filaments. With increasing external magnetic field, the inner 
filaments also contribute to the current flow. To compare the local flux distribution with the integral 
magnetization values, magnetization loops are measured by a SQUID magnetometer on the same 
sample following the fields used in the magneto-optic imaging (±120 mT) and covering fields up 
to ± 5 T at various temperatures. The magnetization loops also reveal that the multifilamentary tapes 
show the anomalous position of the central peak, but always less pronounced than in 
monofilamentary tapes.   © 7995 American Institute of Physics. [S0021-8979(98)53111-8] 

The Ag-sheathed multifilamentary tapes of 
(Pb,Bi)2Sr2Ca2Cu3O10+,5 (Bi-2223) are an important devel- 
opment towards the practical use of high-Tc superconductors 
for power applications. These tapes show an improved me- 
chanical stability and strain tolerance as compared to 
monofilamentary tapes.1 For the development of Bi-2223 
multifilamentary tapes in long lengths it is very important to 
control the defects introduced into the filaments during the 
deformation processes or during the formation of the super- 
conducting phase, as defects within the filaments may alter 
or even impede the current flow.2 Furthermore, magnetiza- 
tion measurements3-6 on tapes revealed an anomalous posi- 
tion of the low field or central peak, which is caused by stray 
fields at the grain circumferences.5,6 To understand the mag- 
netic properties of such multifilamentary tapes, it is impor- 
tant to study in detail the flux entry, exit, and pinning within 
the various filaments. This task requires a local investigation 
technique, as the properties of a single filament are masked 
by the neighboring ones in an integral measurement. Here, 
we employ magneto-optic (MO) imaging,7 which can be car- 
ried out using an intact tape, i.e., the visualization of the flux 
structures is done through the silver sheath.8'9 In earlier work 
on Bi-2223 mono- and multifilamentary tapes using MO im- 
aging, the flow of transport currents was visualized.2'10 The 
MO imaging technique is based on the Faraday effect in a 
magneto-optical active layer. Here, we have used a Bi-doped 
YIG film with in-plane anisotropy with a thickness of 4 /zm, 
half of which corresponds to the spatial resolution of our 
experiment. In order to obtain images with a relatively high 
contrast, an indicator film with a high field sensitivity (-0.1 

mT) was used. The images are recorded using an 8-bit 
Kodak DCS 420 CCD digital camera and subsequently trans- 
ferred to a computer for processing. In the MO apparatus the 
sample was mounted on the cold finger of an optical helium 
flow cryostat.11 The magnetic field was applied perpendicu- 
lar to the tape plane using a copper solenoid coil with a 
maximum field of ± 120 mT. The MO images presented here 
are maps of the z component of the local magnetic field, Bz. 

The multifilamentary Bi-2223 tapes (19 filaments) were 
prepared by the ' 'powder-in-tube'' method with subsequent 
drawing and rolling.12 One piece with dimensions 5 
X 3 mm2 cut from the tape was used for both the magneti- 
zation measurements and the MO imaging. The magnetiza- 
tion loops (MHLs) were recorded using a Quantum Design 
MPMS5 SQUID magnetometer (max. ± 5 T); with BextL 
tape plane. 

E 

0.10 

0.05 r 

0.00 

-0.05 

-0.10 - 

"'Present address: SRL/ISTEC, 1-16-25 Shibaura, Minato-ku, Tokyo 105, 
Japan; electronic mail: koblischka@istec.or.jp 

Bext   [T] 

FIG. 1. MHLs measured on the multifilamentary tape at various tempera- 
tures 5 (outer loop), 10, 15, 20, 30, 40, and 50 K (inner loop). The anoma- 
lous position of the MHL maximum is indicated by a dashed line. 

0021 -8979/98/83(11 )/6798/3/$15.00 6798 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Koblischka et al. 6799 

150 A. 

 
1 

1 
1 

1 
1 

> 
 

< < 

-      \ 

\ 

—A— mono 

—•— multi 

100 

50 

0 
 ' 1               '                           ' 

20 40 

T[K] 

60 

FIG. 2. The peak position, Bmm, as a function of temperature for the mul- 
tifilamentary tape (•) and a monofilamentary tape (A, from Ref. 5). 

In Fig. 1, MHLs are presented in the temperature range 
5Ks=rs=50K. It is also clearly visible that the multifila- 
mentary Bi-2223 tapes exhibit the anomalous position of the 
central peak like monofilamentary tapes. The position of the 
maximum, Z?max, is plotted in Fig. 2 and compared to data of 
a monofilamentary tape. At low temperatures, the maximum 
position increases considerably, but is always found to be 
less pronounced than that of the monofilamentary tape. 

Figure 3 presents a MHL measured at T= 18 K, using 
the same field steps as in the following MO experiment. For 
comparison, a full magnetization curve is shown. The posi- 
tions, where the MO images are taken, are marked using 
open circles. In this way, a direct comparison of MHL data 
and the MO flux patterns becomes possible. In all MO im- 
ages presented in this paper, flux is imaged as bright, 
whereas well-shielded areas stay dark. 

Figure 4(a) shows a polarization image of a cross section 
of our tape. Flux patterns obtained in increasing external 
field after ZFC (virgin branch, I) are presented in Fig. 4. In 
Fig. 4(b), flux enters the sample like in a homogeneous 
sample (see, e.g., Ref. 7); the edges of the outermost cores 
are marked by arrows. Only the outermost filaments are con- 
tributing to the current flow. When increasing the field fur- 

150 

FIG. 3. MHLs measured at T= 18 K. The minor loop is obtained using the 
same field steps as in the MO experiment. The positions of the images 
shown in Figs. 4 and 5 are marked by open circles. 

FIG. 4. Polarization image of the tape (a) and flux patterns of the virgin 
branch (I); (b) 12 mT, (c) 30 mT, and (d) 45 mT. The marker in (b) is 2 mm 
long. 

ther (c),(d), more and more filaments contribute to the cur- 
rent flow. The filaments in our short sample are quite 
uniformly penetrated by the flux. Previous observations on 
longer sections of multifilamentary tapes have shown that 
when currents encounter a defect, they may switch into a 
neighboring filament, and after some distance, they may re- 
turn to the original one.2'9 This shows that the filaments in 
the tape are magnetically coupled together. 

In Fig. 5, we show flux patterns on the return branch (II). 
In Fig. 5(a), a nearly homogeneous flux pattern is obtained 
and individual filaments cannot be resolved. On further re- 
duction of the field (b),(c), the filaments reappear and carry 
pinned flux. 

In the remanent state Fig. 5(d), flux remains trapped in 
the center of each individual filament. However, no vortices 
of opposite polarity can be detected in the remanent state as 
in the case of monofilamentary tape.8 In the upper part of the 
sample, a broad dark stripe can be seen which is the result of 
field overlap between two different filaments as discussed in 
Ref. 9. The position of the maximum in the MHL corre- 
sponds to a flux pattern like the one presented in Fig. 5(c). 
This does not correspond to a minimum amount of flux in the 
sample, which is reached only when applying a small nega- 
tive field. The flux distributions within a single filament are 
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FIG. 5. Flux patterns of the return branch (II); (a) 45 mT, (b) 30 mT, (c) 12 
rriT, and (d) remanent state. The marker is 2 mm long. 

found to be quite uniform. In contrast to this, most monofila- 
mentary tapes show a "rough-looking" flux pattern at this 
low temperature, which is caused by a high intragranular 
current density; thus forcing the intergranular currents to 
flow around the well-shielded grains. This fact, and the large 
stray fields around such grains are probably responsible for 

the anomalous position of the central peak in the MHL. As 
the grain coupling is improved along the silver sheath, this 
effect is not so strongly developed in the multifilamentary 
tapes. As a result, the peak is also shifted towards positive 
values, but much less pronounced as in the case of monofila- 
mentary tapes. 

In conclusion, we observed the anomalous central peak 
also in multifilamentary tapes, but always less pronounced 
than in monofilamentary tapes. Magneto-optic flux patterns 
reveal a quite uniform flux distribution within the filaments 
even at low temperatures which is a consequence of better 
grain growth and coupling along the silver sheath. This may 
be the reason for the less pronounced anomalous peak in 
multifilamentary tapes. 
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We have studied magnetic field penetration and vortex line formation in a [Nb(100 Ä)/Si(15 
A)]X20 multilayer by magnetization and polarized neutron reflection. With the magnetic field 
applied parallel to the surface, the magnetization revealed the presence of a kink above Hd 

indicative of transitions between one row of fluxoids and two rows of fluxoids parallel to the 
surface. The spin dependence of neutron reflectivity below Hc] was consistent with a penetration 
depth of 1200 Ä, substantially larger than that of bulk Nb. In the mixed phase (Hext>Hcl) the field 
was found to penetrate the surface, with a slope as found in the case of Hext<Hd. At Hext>Hcl 

vortices form inside the multilayer, in addition to there being surface penetration. A modulation of 
the vortex fields was found with the periodicity of the Nb/Si bilayers as evidenced by the spin 
dependence of the reflectivity at the first Bragg peak of the multilayer. © 1998 American Institute 
of Physics. [S0021-8979(98)19411-2] 

The investigation of artificially layered superconductors 
has drawn much attention after the discovery of anisotropic 
high-temperature oxide superconductors. These artificial su- 
perlattices composed of alternating superconducting/ 
nonsuperconducting layers have been found in recent years 
to exhibit novel magnetic properties. These layered super- 
conductors have a coherence length shorter than the overall 
film thickness. When a magnetic field Hext is applied parallel 
to such layered structures a series of maxima occurs in the 
magnetization measurements at specific field strengths //N 

(HCi<HN<HC2).
1,2 These maxima in Mz have been ex- 

plained in terms of transitions between specific multichain 
configurations of in plane vortices.2 Above Hcl a first row of 
vortices is said to be formed close to the center of the film. 
An increase of the field causes a compression of this one- 
dimensional lattice until it becomes unstable, to be replaced 
by two rows of fluxoids with wider spacings. This process 
might be repeated for any transition from n rows of fluxoids 
to n +1. This description is fundamentally different from that 
given by Bean for the distribution of magnetization in a layer 
of type II superconductor, where the fluxoids are trapped by 
impurity centers. 

The scope of the present work is to attempt to observe 
vortex configuration by polarized neutron reflection, in a 
system—Nb/Si multilayers—whose magnetic properties 
closely resembled those of Nb/Cu multilayers.1'2 

The [Nb(100 Ä)/Si(15 Ä)]X20 multilayer was grown by 
reactive dc magnetron sputtering on a silicon (15 Ä) buffer 
layer and protected by a silicon cap (30 A). The films were 
deposited onto 1 in. silicon wafers. From these a small piece 
was cut for magnetization measurements, while the remain- 
ing surface was used for neutron reflectivity. The good lay- 
ering of the material was confirmed by x-ray reflectivity 
measurements. Magnetization measurements as a function of 

temperature (at a very low fixed applied field) indicated that 
the [Nb(100)/Si(15)]2o system becomes superconducting be- 
low 7.5 K (Tc). Previous transport studies have found that 
for 15 Ä Si layers, Nb/Si behave as a coupled three- 
dimensional (3D) superconductor.3 

Longitudinal magnetization (Mz) measurements were 
carried out using a superconducting quantum interference de- 
vice (SQUID) magnetometer. The field was applied parallel 
to the layer planes in the zero field cooled (ZFC) condition. 
Figure 1 shows the magnetization Mz as a function of ap- 
plied field at temperatures of 5, 3, and 2 K for the [Nb(100)/ 
Si(15)]X20 multilayer. Two distinct features are present in 
Fig. 1. At low applied magnetic field a flux repulsion with a 
constant Mz/Hext value (Meissner effect) is evident. At 
higher fields the flux expulsion is not complete. At 2 K, the 
first maximum occurs at —500 Oe; a second maximum at 
—900 Oe. In analogy with the interpretation of the Nb/Cu 
data we inferred that, at the lowest temperature, 300 Oe was 
below Hc]; at 700 Oe one row of fluxoids was close to the 
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FIG. 1. Magnetization (Mz) as a function of magnetic field Hext applied 
parallel to the surface of the multilayer at 2, 3, and 5 K. The first kink is 
shown by a vertical arrow. 
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FIG. 2. Spin dependent reflectivities at 1.6 K and 700 Oe ZFC field. Solid 
dots indicate data for neutron spin parallel to the applied field (+); open 
circles for spins antiparallel to the field (-). In the inset: spin asymmetry 
(Ä + -R_)/(/? + + Ä_) in the region of the Bragg reflection. 

film's center; at 1200 Oe the film contained two rows of 
fluxoids. 

Polarized neutron reflectivity study gives information on 
the laterally averaged depth profile (both chemical and mag- 
netic) as a function of the neutron momentum Q 
= 2IT sin 6/X, where X is the neutron's wavelength and 6 its 
angle of incidence with the surface.4 At large Q (large com- 
pared to the critical value at which the reflectivity is com- 
plete) the reflectance is the Fourier transform of the depth 
profile. 

The instrument ("POSY I")used to record the polarized 
neutron reflection data is located at the Argonne Pulsed Neu- 
tron Source as described in Ref. 5. The sample temperature, 
in the experiments described here, was kept at 1.6 K. An 
electromagnet provides a vertical (perpendicular to the scat- 
tering plane) magnetic field up to 5 kOe parallel to the sam- 
ple's surface. All measurements were taken in the ZFC con- 
dition. 

Figure 2 depicts the R+ and /?_ as a function of Q 
measured at 1.6 K with //ext=700Oe. Here R + and R- 
represent, respectively, the reflectivities of neutrons with in- 
cident neutron spins parallel (+) and antiparallel (—) to the 
applied magnetic field on the sample. For small Q values a 
total reflection is observed up to the critical Q value. Beyond 
the critical Q value the reflectivities undergo several rapid 
oscillations which are due to the interference of reflections 
from the front and back surfaces of the multilayer. For yet 
larger Q values the presence of a Bragg peak is seen due to 
an existence of periodicity of Nb/Si layer structure with a 
period of 108 Ä. The prominent feature of the reflectivities at 
and around the Bragg peak is the clear modulation of the 
spin asymmetry, P = (R + -R-)/(R + +R-) (see inset of Fig. 
2). This function is much more sensitive than the individual 
reflectivities to the magnetic depth profile. The spin asym- 
metry gives the most immediate signature of the magnetic 
character of the sample, being identically zero if the sample 
was nonmagnetic. The fact that nonzero P appears at the 
Bragg reflection indicates that the magnetic response is 
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FIG. 3. The spin asymmetry P = (R+-R_)/(R + + R-) as a function of 
neutron momentum transfer Q at 1.6 K and with 300 Oe ZFC field. The 
open circles show the measured values with their error bars. The spin asym- 
metry calculated from the model profile discussed in the text and a penetra- 
tion depth of 1200 Ä is shown by a solid curve. For comparison, the spin 
asymmetries are calculated for 800 Ä (dashed line) and 1600 Ä (dotted line) 
penetration depths. 

modulated with the Nb/Si period. No such spin dependence 
was seen at the Bragg peak in 300 Oe applied field. 

Open circles with error bars in Fig. 3 represent the spin 
asymmetry of reflected neutron beam as a function of neu- 
tron wave vector transfer Q measured at 1.6 K with Hext 

= 300 Oe. The region of Q spanned here is that close to total 
reflection: this is the region most sensitive to the penetration 
depth of the external magnetic field in the superconductor.4 

To calculate the reflectivities R+ and 7?_ and hence P, a 
model profile for the chemical structure with the following 
parameters was used. The thicknesses of the Si and Nb layers 
are 15 and 93 Ä, respectively. The scattering amplitude den- 
sities are 2.07X 10~6 Ä"2 and 3.96X 10"6 Ä"2, correspond- 
ing to the bulk values for Si and Nb, respectively. The solid 
line shows the polarization calculated assuming that the field 
penetration from both the surfaces of the multilayer has the 
exponential form [B(x)-Hen exp(-x/<5)], where x is the 
distance (depth) from the surface and S is the penetration 
depth. The best-fitted penetration depth S was found to be 
1200 A (with ^2= 1); for comparison, the spin asymmetries 
for penetration depth of 800 and 1600 Ä are also presented. 
It is to be mentioned that over this Q region a similar oscil- 
lation of P was observed with 700 Oe field (not shown). 

To recap the findings, for Htn<Hd (=500 Oe) the 
Meissner effect has been observed with a characteristic pen- 
etration depth of 1200 Ä at 1.6 K. The value of the surface 
penetration depth is significantly larger than that of bulk Nb 
[(4.2 K)=400 Ä].6 When tfext is increased to 700 Oe 
(>HC\) we have observed a modulation of the magnetic field 
at the interior of the film in addition to the effect of surface 
penetration. The vortex field which causes the interior field 
has the periodicity of the Nb/Si layers. This does not neces- 
sarily rule out the longer wavelength modulations predicted 
for these multilayers. Those, if present, would give rise to 
further modulations of the spin asymmetry for which longer, 
more accurate measurements are required. What is worth 
noting is the detection of sizeable magnetic fluctuations over 
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spacings as low as —100 Ä. If, in a very naive picture the 
fluxoids are considered to be centered at the silicon layers, 
and their size is given in all direction, by the penetration 
depth (1200 A—found for this material), the magnetic field 
should be practically uniform throughout the film. 

This work was supported by U.S.-DOE, BES-MS Con- 
tract No. 31-109-ENG-38. The authors wish to thank Rick 
Goyette for his excellent technical assistance in carrying out 
the neutron reflection measurements. 
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Computation of the nonlinear magnetic response of a three dimensional 
anisotropic superconductor 

Igor Zutica) and Oriol T. Vallsb) 

School of Physics and Astronomy and Minnesota Supercomputer Institute, University of Minnesota, 
Minneapolis, Minnesota 55455-0149 

Many problems in computational magnetics involve computation of fields which decay within a skin 
depth S, much smaller than the sample size d. We discuss here a novel perturbation method which 
exploits the smallness of e= Sid and the asymptotic behavior of the solution in the exterior and 
interior of a sample. To illustrate this procedure we consider the computation of the magnetic dipole 
and quadrupole moments of an anisotropic, unconventional, three dimensional superconductor. The 
method significantly reduces the required numerical work and can be implemented in different 
numerical algorithms. © 1998 American Institute of Physics. 
[S0021-8979(98)19511-7] 

I. INTRODUCTION 

In various problems of electrodynamics, field penetra- 
tion is characterized by a skin depth, S, much smaller than 
the actual sample size, d. For many purposes, the approxi- 
mation of zero skin depth, or that eddy currents flow only as 
surface sheet currents, is not sufficiently accurate, as a de- 
tailed knowledge of the field penetration or accurate values 
of magnetic multipoles are required. It is then important to 
include the small corrections arising from finite skin depth. 

In this article we examine the inclusion of skin depth 
corrections, focusing on the magnetic response of a high 
temperature superconductor (HTSC). For HTSCs, it is 
known1-3 that examining the field penetration yields impor- 
tant information about the unconventional electronic pairing 
states in these materials and the still unknown nature of high 
temperature superconductivity. 

Although we focus on this problem, our ideas have 
broad validity and applications. The magnetic response of a 
superconductor is related to that of an ordinary conductor in 
an harmonically applied field. The skin effect, with 8<d, for 
a quasistatic regime where the frequency is restricted by w 
<cld (c is the speed of light), maps4 onto the problem of a 
superconductor of the same size and shape in a static applied 
magnetic field. The role of S for a conductor is taken up by 
X, the effective penetration depth of a superconductor (X 
<d). Except for the simplest geometries where an analytic 
solution exists for the corresponding boundary value prob- 
lem, obtaining small skin depth corrections can be computa- 
tionally demanding. These difficulties arise from the non- 
trivial boundary conditions (including open boundary 
equations at infinity) and the requirement that the appropri- 
ate, generally nonlinear differential equations be solved very 
accurately within the narrow region where the skin effects 
are contained. Our method offers a way to resolve these dif- 
ficulties. 

We examine a superconductor in an applied uniform 
magnetic field, Hfl. The sample occupies a bounded region 

OCR3 and at its boundary, d£l, is surrounded by vacuum. 
For Ha smaller than a critical value, a superconductor is in 
the Meissner regime: the magnetic flux is expelled from the 
bulk of the sample. On R3\fl the current is j=0 and it is 
sufficient to find a magnetic scalar potential <t>, H=-V4>, 
which satisfies the Laplace equation. On Ü, the appropriate 
Maxwell equation is Ampere's law. For unconventional pair- 
ing states in HTSCs, the London relation5 j=j(A) between 
current and vector potential6 A, is nonlinear and 
nonanalytic.1'2'7 Thus it is advantageous to combine Am- 
pere's law in terms of the vector potential with the relation 
J(A): 

AIT 
VXVXA= — j(A). (1) 
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HTSCs in general have a highly anisotropic structure with 
different penetration depths, X.,-, along the various, i 
= a,b,c crystallographic directions. We include this penetra- 
tion depth anisotropy through the anisotropic, nonlinear, re- 
lation j(A) given in Ref. 7. By X we shall denote the effec- 
tive penetration depth (a function of X,), which plays the 
dominant role in the field decay studied. In the special case 
of an isotropic superconductor with a linear relation j(A), all 
the fields on il satisfy the vector Helmholtz equation V2F 
= F/X2, where F can be H, j, A. The boundary conditions 
are -V$ = Ha, at infinity, while on oO H is continuous5 

and there is no normal component of current, y„|^n = 0. From 
the open boundary condition at infinity combined with the 
continuity requirement it appears that to obtain the finite skin 
depth corrections, one would have to solve numerically the 
appropriate equations in all space. 

II. PERTURBATION METHOD 

To resolve these difficulties, we view the finite skin ef- 
fects, i.e., for finite X in a superconductor, as a small correc- 
tion to the dominant perfect diamagnetic response at X=0. 
When skin effects are studied, one has to include these cor- 
rections, which are characterized by the small parameter e 
= X/d<l. The boundary value problem in the e=0 limit is 
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relatively simple, one has only to solve the Laplace equation 
for the scalar potential on R3\H with trivial Neumann 
boundary conditions on dCl. We assume that an accurate, 
either analytical or numerical, solution on R3\fl in the e=0 
limit is available.7 This will be the starting point from which 
we shall develop our perturbation method. The small skin 
effect is then treated as a perturbation from the e=0 solution. 

To proceed with the perturbation calculation we consider 
the auxiliary problem consisting of Eq. (1) on Si, the e=0 
solution on R3\fl, and the boundary conditions on <3fi, jn 

= 0 and continuity of the tangential component of H (the 
continuity of Hn cannot be imposed, it vanishes for the ex- 
ternal fields in the 6=0 limit). This is computationally 
simple, as it decouples the solutions for the regions R3\fl 
and fl. From this auxiliary problem we can generate7 the 
skin corrections to leading order in e, as we shall now see. 

In this article we consider the magnetic moment of a 
superconductor for an arbitrary direction of Ha in a sample 
without a rotational symmetry (this is an extension of Ref. 
7), and the magnetic quadrupole moment. We match the 
asymptotic behavior of the solution on R3\fi and that in Ü, 
by employing integral identities for magnetic multipoles.7 At 
large distances from O, the multipole expansion of the fields 
can be considered and the asymptotic behavior is governed 
primarily by the lowest nonvanishing multipole term. There 
are two different ways to obtain the multipole moments: by 
examining the asymptotic behavior on R3\fl, and from the 
fields computed on (I. By matching the asymptotic behavior 
we mean that the exact solution on R3\ü is formally written 
in terms of the unknown multipole moments which must 
agree with those computed from the fields on ft. We formu- 
late integral identities to compute the magnetic multipoles 
from fields on ft such that we can identify terms in these 
expressions which are of different orders in e. 

The magnetic moment8 is 

m= — f rfftr"Xj(r"), 
2-c Jn 

(2) 

where r" is the position vector for a point in ft and j is found 
from Eq. (1). The components of m can be written for e<§l 
in the form m; = mOi[l-a,e+0(e2)], i = x,y,z, where 
m0i, denoting the ith component of the magnetic moment in 
the limit e=0, represents a perfect diamagnetic response. For 
an ellipsoid it is given by a demagnetization factor. The at 

describe small corrections to perfect diamagnetism due to 
current penetration. For a direction i, where m0i = 0 (it could 
vanish from symmetry arguments, for a particular direction 
of Ha), one can still have a,#0, because of the anisotropic 
and nonlinear relation j(A). The effects of nonlinearity j(A), 
absent for e=0, are typically small and can be thought of as 
field dependent corrections to a,, linear in Ha. 

To distinguish terms in Eq. (2) of various orders in e, we 
use Ampere's law, identities from vector calculus, and 
Gauss' theorem to obtain7 

m=—       J5[n(r"-H) + nX(r"XH)]+r— f dilU 
OTTj^n OTT Jo, 

=mi + m2, (3) 

where r" is the position vector for a point on oft and n is the 
unit normal pointing outwards. The terms in! and m2 are of 
different order in e and the latter is small, i.e., of O(em0). 
This can be seen from the expression for m2. Since H is 
confined to a ' 'skin'' layer of thickness A., the integral over 
the whole volume of ft is effectively only an integration over 
the region ~X away from its surface. Thus m2 vanishes in 
the zero penetration limit (e=0) and m(e=0)=m0=m1. In 
order to obtain m to O(em0) it is sufficient to compute m2 to 
leading (zeroth) order. The term m2 explicitly scales with e 
and any first order corrections for the fields needed to com- 
pute it would only produce contributions of order O(e2m0). 

A similar integral identity can be derived for the mag- 
netic quadrupole moment, defined9 as a symmetric traceless 
tensor with components 

Q,j~ J^ft[(r"Xj)r" + r"(r"Xj)],7,  i,j = x,y,z. 

(4) 

Using the previously introduced notation for terms of differ- 
ent order in e, Qij—Qnj+Q2ij we can derive, employing 
integration by parts and standard identities 

Qlij= 8^ \jSUnir"j+njW■ H)-tfHj+rlH,) 

X(n-r")], (5a) 

Ö2°'=8^ j^dn[3(r';Hj+r';Hi)-28ij(r"-n)l     (5b) 

where <?,•,■ is the Kronecker symbol. If by ßoy^O we denote 
a particular component of the magnetic quadrupole tensor in 
the e=0 limit, then, as in the case of the magnetic moment, 
we conclude that QUj is of O(Q0ij)  while Q2ij is of 
O(eßoy). 

Using Eqs. (4) and (5) we can match the asymptotic 
behavior of solutions in regions R3\ft and ft. It is then pos- 
sible to perturbatively obtain physical quantities to leading 
order in e, using only the fields on ft computed from the 
auxiliary problem. The fields and quantities evaluated from 
this problem are denoted by an overbar notation. We con- 
sider first the magnetic moment. On R3\ft, the scalar poten- 
tial can be written as <3> = <E>a + <£>r, where <$>a is the potential 
due to the applied field and satisfies the open boundary con- 
dition at infinity, -V$a—>Ha, and <&r describes the pres- 
ence of the superconductor. Since m2, as we have shown, 
explicitly scales with e, it can be accurately computed to first 
order in e by obtaining its leading contribution. This is 
achieved by using the fields on ft from the auxiliary prob- 
lem, i.e., by writing <!>=<i>fl+ <!>,.. The task of determining 
m to O(em0) is therefore reduced to that of correctly includ- 
ing the contribution of n^ to first order in e. The exact so- 
lution for H is continuous on dCl. To calculate mu, the ;'th 
component of m,, we can use the external fields obtained 
from <l>. The part of <3>, which has a dipole character is char- 
acterized by the unknown vector m, the correct value of the 
magnetic moment. The remaining part of $, has different 
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symmetry properties and does not contribute7 to m,■. Contri- 
butions to the ith component of nij, i—x,y,z, (we take 
niQi^O) can be written as 

mu(m) = mu(&a) + mu(&r), (6) 

where mu(&a), for <J>a, which is known, can be simply 
calculated from Eq. (4). We define ptj by mu(<t>a) 
= 2,jPijm0j, i, j = x,y,x. The constants /?,;-, which depend 
on the shape of Ü, can now be determined by solving for pa- 
using the known values mi;(<I>fl) and m0, corresponding to 
Ha applied along three independent directions. In the limit 
e=0, m2i = 0 and from Eq. (6) follows the identity 

m0 , = mu=2 PijmQj+^ (Sij-pij)r iQj: (7) 

where m1,($r) = 2;(<5,-/-jp,-/)m0j:. For e^O, when the solu- 
tion for 4> and H is given in terms of a multipole expansion 
with unknown coefficients, m1(-($a) remains the same. The 
terms in $,. which contribute to the magnetic moment m, 
will now have coefficients proportional to the correct un- 
known value of m, slightly changed from the e=0 case. We 
can therefore write mj,($r) = 2,-(Stj-pi^rrij and the correct 
value for mu satisfies mu=Lj\_mij-pij(mij-mQij)']. Em- 
ploying the fact that m2i and m2i agree to O(em0i) we can 
solve for m(- from mi=1j[Sijmij-pij(mij — mQij)] + m2i, 
with the solution for m, correct to 0(e): 

m , = m0i-+2 P -l l*f B/+S PijXm2 ■] • (8) 

Therefore the magnetic moment can be computed by only 
determining the lowest order contribution tom2. 

Following an analogous procedure we can obtain a solu- 
tion for the components of the quadrupole tensor Qtj accu- 
rate to first order in e. The resulting expression is similar to 
Eq. (8) with the constants ptj replaced by the appropriate 
fourth rank tensor. 

As a simpler example, it is instructive to consider an 
isotropic, linear superconducting sphere in an applied uni- 

form magnetic field. Eq. (8) reduces10 to the analytical 
result5 m = m0(l -3e), where m0= -Haa

3/2, e=K/a and a 
is the sphere radius. 

III. CONCLUSIONS 
The ideas presented here can be used in problems in 

computational magnetics involving a small skin depth, by 
incorporating our perturbation procedure in the appropriate 
numerical algorithm. The integral identities for the magnetic 
multipoles are valid in the quasistatic regime and not re- 
stricted to the field of superconductivity. 

We have addressed here the computation of small skin 
effects in a superconductor, using the perturbation method 
and matching the asymptotic behavior of a solution. We have 
shown how to accurately compute the nonlinear magnetic 
response of an anisotropic superconductor, by simplifying 
the boundary conditions and reducing the size of the compu- 
tational domain. 
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Temperature dependence of giant magnetoresistance properties of NiMn 
pinned spin valves 
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The giant magnetoresistance response of NiMn pinned spin valves was studied at elevated 
temperature. Top spin valve films were made by ion beam sputtering and thermally treated to induce 
the strong unidirectional pinning field in the pinned layer. Both SR and SR/R decrease linearly with 
temperature. The sheet resistance of the spin valves also increases linearly with temperature. The 
exchange coupling between pinned layer and free layer decreases slightly and the coercivity of the 
free layer increases slightly. The temperature dependence of the exchange pinning field is unique in 
NiMn spin valves. The pinning field has a weakly increasing temperature dependence up to 200 °C, 
then decreases to zero at the blocking temperature of 380 °C. Samples with different thickness 
NiMn layers show different temperature dependencies. However, the blocking temperature is 
unchanged. The pinning fields of NiMn, FeMn, IrMn, and NiO spin valves were also measured up 
to 200 °C; NiMn pinned spin valves show the least dependence of pinning field at elevated 
temperatures.   © 1998 American Institute of Physics. [S0021-8979(98)27811-X] 

INTRODUCTION 

In spin valve recording heads, a sufficient pinning field 
[due to exchange coupling between an antiferromagnetic 
(AFM) pinning layer and a ferromagnetic (FM) pinned layer] 
is required to keep the pinned layer's magnetization un- 
changed during the operation of the spin valve (SV)/giant 
magnetoresistance (GMR) reader. So far various AFM ma- 
terials, such as FeMn, NiO, NiMn, IrMn, PdPtMn, and 
TbCo, have been exploited as pinning layers in SV/GMR 
transducers.1 NiMn has the strongest pinning strength (Hp) at 
high temperatures,2'3 while most AFM materials can be made 
with high Hp at room temperature but insufficient Hp for use 
of spin valve heads at elevated temperatures. In practice, 
MR-type recording heads operate at rather high internal tem- 
peratures. The stripe temperature can be as high as 200 °C. 
Moreover, thermal asperity events may temporarily create a 
much higher stripe temperature. The pinning must remain 
high at these temperatures. 

In the as-grown phase the NiMn has a face-centered- 
cubic (fee) structure which is not antiferromagnetic. A ther- 
mal treatment is needed to induce the fee to face-centered- 
tetragonal (fct) phase transformation in the NiMn layer to 
provide the exchange field to the ferromagnetic layer through 
antiferromagnetic-ferromagnetic interaction. Such thermal 
annealing tends to damage the GMR properties of a spin 
valve. Careful film deposition and postannealing are needed 
to produce thermally stable NiMn spin valves (i.e., able to 
survive the aggressive NiMn annealing).2 In this article, we 
present the temperature dependence of the pinning field and 
magnetoresistance of NiMn spin valves made by ion beam 
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deposition. In addition, a comparison between different pin- 
ning materials is also given. 

EXPERIMENT 

Spin valve films were deposited by a commercial multi- 
target ion beam sputtering apparatus, which has a base pres- 
sure of 1 X 10"8 Torr. A spin valve stack of a 80 A Ta/f A 
NiMn/25 Ä NiFe/15 Ä Co/30 Ä Cu/15 Ä Co/55 Ä NiFe/25 
A Ta substrate was sequentially deposited at deposition rates 
of 0.5-1 A/s without breaking vacuum. Bilayers of the Ta/ 
NiMn/NiFe/Ta substrate were made under the same condi- 
tions for a pinning field comparison. After deposition of the 
spin valves, a high temperature thermal anneal ( — 280 °C) in 
a static magnetic field for as long as 45 h was performed to 
further treat the films and to induce exchange coupling be- 
tween NiMn and NiFe. The range of thickness t for the 
NiMn pinning layer is 80-500 A. The pinned layer NiFe 
thickness was varied from 25 to 250 Ä to study the pinning 
field variation. It shows a typical lit relationship with respect 
to the ferromagnetic layer thickness.3 The spin valves were 
characterized for structural properties using x-ray diffraction 
(XRD) (including a rocking curve scan). The films are highly 
(111) textured. High resolution cross-sectional transmission 
electron microscopy (TEM) images indicate the high quality 
of the interface microstructures.4 The magnetoresistance was 
measured by a dc four point probe method at different tem- 
peratures on a commercial GMR tester in air. Because of the 
use of the Ta cap layer no surface oxidation was observed 
during the measurement. A vibrating sample magnetometer 
(VSM) with a high temperature attachment was used for 
magnetization measurements on selected samples. Films 
with the same spin valve stack as NiMn were deposited us- 
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FIG. 1. Temperature dependence of the GMR (SR/R) and SR for a NiMn 
spin valve. 

ing IrMn, FeMn, and NiO pinning materials and measured 
between room temperature (RT) and 200 °C for comparison. 

RESULTS AND DISCUSSION 

Results of the GMR and SR from the high temperature 
GMR measurements of a spin valve are show in Fig. 1. This 
is representative of all the NiMn spin valves with different 
thickness combinations. The GMR is defined by the resis- 
tance difference between the parallel state and the antiparal- 
lel state divided by the parallel state resistance. The R-H 
curves are similar to each other at different temperatures. 
The pinned layer has a very strong pinning field (typically 
>500Oe) and is not switched up to 800 Oe.2 The GMR 
response is inversely proportional to temperature between 
RT and 200 °C. The temperature coefficients of the GMR 
ratio and SR are -0.36%/°C and -0.23%/°C, respectively. 
Low temperature GMR measurements confirmed the linear 
SR variation over a broader temperature range.5 This is con- 
sistent with our previous observation on FeMn spin valves 
but different from the bulklike T" power law temperature 
dependence (where ra=1.5), indicating a contribution from 
an intrachannel spin-mixing process in addition to the inter- 
channel spin-mixing process.6 

The reversible resistance increase of NiMn spin valves 
follows a simple linear relationship with temperature due to 
electron-phonon scattering. The increase of the normalized 
sheet resistance is plotted in Fig. 2 and is also compared with 
a MR film. The spin valve films have less increase in resis- 
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FIG. 3. Coercivity of the free layer and the exchange coupling field between 
the free layer and the pinned layer as a function of temperature. 

tance than the AMR films. This will reduce the sensor self- 
heating effect and improve resistance to thermal spikes. The 
free layer magnetic properties are shown in Fig. 3. The co- 
ercivity of the free layer of Co/NiFe increases a little bit and 
the exchange field between the free layer and the pinned 
layer due to orange peel coupling decreases by 15% at 
200 °C. The origin of the increase of free layer coercivity is 
unclear at this moment although it may be related to the 
magnetic interaction with the pinned layer. 

Figure 4 is the pinning field dependence on the tempera- 
ture in the range of RT-200 °C for NiMn, FeMn, IrMn, and 
NiO spin valves made at Seagate. Since the absolute value of 
the pinning field depends on the thickness of all the layers 
and their process details, only the normalized data are plotted 
to illustrate the temperature dependence. Figure 4 shows the 
dramatic difference between NiMn and the rest; NiMn spin 
valves retain their full pinning strength to nearly 200 °C. 
This is very important for practical recording heads whose 
active sensor operating environment is very hot. The block- 
ing temperatures for FeMn, NiO, and IrMn are 150, 200, 
220 °C, respectively. They are consistent with the published 
data.1'7 However, the blocking temperature of NiMn spin 
valves (380 °C, see Fig. 5) is much higher than that of all the 
other pinning materials. Furthermore the NiMn pinning field 
does not follow a (1 —1/3") relationship with temperature 
which is common among IrMn, FeMn, and NiO materials.7 

The typical linear temperature dependence was shown by 
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Malozemoff based on thermal excitation8 and experimentally 
observed in various materials systems.9"11 The linear tem- 
perature dependence is also accompanied by a broader local 
blocking temperature distribution.7'11 

To further understand the unique temperature depen- 
dence of the pinning fields, we investigated the temperature 
dependence using a high temperature VSM on the NiMn/ 
NiFe bilayers over a 500 °C range. The data are plotted in 
Fig. 5. It is very interesting to see that the temperature de- 
pendence of the NiMn depends upon the NiMn layer thick- 
ness and deviates from an inversely linear dependence. More 
important, the blocking temperature is the same for different 
layers thicknesses which again is quite different from other 
materials [like IrMn (Ref. 12) and NiO (Ref. 13)]. As 
pointed out by Lin et al.,1 the NiMn exchange coupling is 
through interaction of NiFe and NiMn antiferromagnetic 
clusters. The blocking temperature is primarily determined 
by the NiFe layer's ferromagnetic properties since the Neel 
temperature for NiMn is far above the blocking temperature, 
unlike the other materials which have much lower Neel tem- 
peratures. 

The intrinsic antiferromagnetic crystalline anisotropy of 
the NiMn layer and the interfacial coupling strength are two 
dominant factors determining the pinning field.7 The tem- 
perature dependence of the pinning strength in NiMn films 
thicker than the critical thickness is mostly dominated by the 
uncompensated spin structures at the interface and the tem- 
perature dependence is similar to NiFe/CoO superlattice 
results.14 The microstructure of the NiMn will definitely in- 
fluence the pinning strength and, further, the temperature de- 
pendence of the pinning field. To verify the hypothesis, we 
performed XRD and derived the grain size for the three 
samples, noted in the caption for Fig. 5. The smaller grains 

in the thinner NiMn are more susceptible to thermal fluctua- 
tions and lose their AFM ordering easily, while the larger 
gain size helps to stabilize the AFM order against thermal 
energy and contributes to an insensitive temperature depen- 
dence. This implies that the blocking temperature distribu- 
tion of the NiMn spin valves is also narrower. A complete 
study of the blocking temperature distribution is currently 
underway. 

SUMMARY AND CONCLUSIONS 

In summary, we have reported the magnetic and electri- 
cal responses of NiMn spin valves at elevated temperatures. 
The NiMn spin valves have a linear temperature response in 
terms of resistance, SR/R, SR, exchange field, and coerciv- 
ity of the free layer. The temperature coefficient of resistance 
of NiMn spin valves is much smaller than conventional MR 
films. The pinning field is only weakly dependent on tem- 
perature (<200 °C) when the thickness of the NiMn pinning 
layer is sufficient ( — 250 Ä). NiMn spin valves have the 
strongest pinning field at 200 °C of any AFM material pub- 
lished to date, and are very promising for spin valve head 
applications. 
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Exchange biasing of permalloy films by Mn^t^^: Role of composition 
and microstructure 
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R. F. C. Farrow, R. F. Marks, and A. J. Kellock 
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The interfacial coupling energy, ACT for polycrystalline Ni08Fe02 (100 ÄyMn^Pt^.,. (t Ä)/Si02 

bilayers, has been determined from wedge samples spanning a Mn^Ptj _x composition range 0.42 
<x<0.76 and t~350 k. ACT exhibits a sharp peak of 0.1 erg/cm2 at 51% Mn. We compare the 
magnetic and microstructural properties of two bilayer films, which have the same compositions of 
permalloy and Mn^Pt^^: [Ni085Fe015(100Ä)/Mn049Pf051(r Ä)]. In one case (normal structure), 
the epitaxial permalloy was grown first onto Pt/MgO(001), followed by 170 Ä of Mu^Pt^. In the 
other structure (inverted), a 350 A thick polycrystalline film of Mn049Pto51 was grown onto a Si02 

substrate, followed by permalloy. The structures exhibited very different exchange bias fields (32 
versus 86 Oe) and ACT values (0.021 versus 0.060 erg/cm2), respectively. Significant differences in 
texture, grain size, and Mn049Pt051 layer thickness for the two samples are reported. © 1998 
American Institute of Physics. [S0021-8979(98)47611-4] 

The key to the performance1 of spin valve structures is 
the pinning of a ferromagnetic layer, such as permalloy, by 
exchange biasing using an antiferromagnetic (AFM) layer.2 

Various AFM materials are being explored to achieve the 
desired pinning characteristics, temperature stability, and 
minimal postprocessing. These include NiMn and ternary 
Mnj.^.yPtj.Pdy alloys.3'4 Mn^Pt^^. films not only show 
good promise as an exchange bias material but their high 
Neel temperature results in a high blocking temperature 
when they are exchange coupled with permalloy.5 In this 
paper we report on the exchange biasing in permalloy- 
Mn^Ptj-j bilayer films, as a function of composition. De- 
tailed electron microscopy investigation to elucidate the role 
of microstructure and composition in determining the 
strength of the interfacial coupling is also presented. 

The films were grown by coevaporation in a molecular 
beam epitaxy system under ultrahigh vacuum (~10~10 mB). 
To determine the dependence of ACT on Mn^Pti -x layer com- 
position, wedge samples were prepared, of the inverted type, 
comprised of Ni085Fe0.i5 (100Ä)/Mn;tPt1_i:(f Ä)/Si02 in 
which the composition x was graded spatially, covering the 
range x = 0.42- 0.54. The Py layer thickness and composition 
were constant across the wedge while the MnxPt!_x thick- 
ness varied from 300 to 400 Ä. This thickness variation 
was shown in separate experiments not to influence ACT sig- 
nificantly. The samples were grown in a dc magnetic field 
(~1 kOe, in the film plane, as for all the samples described 
in this article) and the substrate was held at 40-50 °C. After 
growth, the samples were annealed (in the field) for 2 h at 
180 °C to achieve chemical ordering of the Mn^Pt!-^. 

Two other samples (unwedged) were studied in this 
work. For these, the composition and thickness of the Py 
layer as well as the composition of the MaT^.^. layer were 

"'Electronic mail: krishnan@lbl.gov 

kept constant and the same for both samples. The structures 
were: 10 Ä Pt/170 A Mn049Pt0 51/100 Ä Ni0.85Feo.15/10 Ä Pt/ 
MgO(OOl); referred to as SV1098 and 100 Ä 
Ni0.85Fe0.i5/350Ä Mn049Pto.51/Si02: referred to as SV1171. 
The Pt seed layer was grown at 700 °C and shown by in situ 
(reflection high-energy electron diffraction) (RHEED) analy- 
sis to be epitaxial, i.e., Pt(001)/MgO(001). The sample tem- 
perature was then reduced to 200 °C for growth of Py and 
Mno.49Pto.51 films in a dc magnetic field. RHEED showed 
that the Py was epitaxial, i.e., Py(001)/Pt(001), but the 
Mno.49Pto.5j exhibited diffuse arcs indicating multiple orien- 
tations of this layer. In the case of SV1171, the entire struc- 
ture was grown at —30 °C in a dc magnetic field and sub- 
jected to a subsequent anneal at 180 °C/2 h. 

Following growth, samples SV1098 and SV1171 were 
characterized structurally, and their bulk compositions were 
determined by a combination of Rutherford backscattering 
spectroscopy and proton induced x-ray emission spectros- 
copy. In addition, local compositions were measured by x- 
ray emission spectroscopy in a transmission electron micro- 
scope (TEM) using a 100 Ä probe and experimentally 
measured k factors.6 Energy-filtered images of the character- 
istic edges in electron energy-loss spectroscopy were ob- 
tained using a TEM equipped with a field-emission source 
and a commercial image filter. The interfaces were charac- 
terized by high-resolution electron microscopy. 

Figure 1 shows the dependence of ACT on the composi- 
tion (x) of Mn^Pti-j determined from point-by-point mea- 
surements, at room temperature, of the longitudinal Kerr 
loops of the wedge structure. ACT was determined from the 
exchange bias using the expression: Aa=HeMst following 
Malozemoff.8 Here, He is the exchange bias field, and Ms 

and t are the saturation magnetization and thickness of the 
Py film, respectively. Data for individual inverted structures 
of compositions outside the wedge range are also included in 
Fig. 1. We note that for bulk Mn^^ crystals the Neel 
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temperature (TN) peaks near x = 0.50.7 Similar composition 
dependence of TN and ACT suggests a common origin, 
namely, as the crystal composition departs from the 
chemical-ordering composition (x = 0.5), Mn either occupies 
sites outside the (001) sheets of antiferromagnetically 
aligned Mn (for x>0.5) or Pt occupies sites within the sheets 
(for x<0.5). In both cases, more Mn moments become un- 
compensated leading to diminished antiferromagnetic order- 
ing. Kishi et al? report a similarly sharp peak near x = 0.5 in 
He for exchange-coupled Py/MnPtPd structures. 

The inset to Fig. 1 shows the longitudinal Kerr loops, 
recorded along the easy axis, for these samples. Both 
samples show a unidirectional shift in their hysteresis loops 
with exchange bias values of 32 Oe (SV1098) and 86 Oe 
(SV1171). The ACT values, calculated from these fields, are 
shown in Fig. 1. The value of ACT (0.060 erg/cm2) for 
SVI171 is in good agreement with the wedge data for a 
sample of similar structure and composition. On the other 
hand, sample SV1098 has a much reduced value of ACT 

(0.022 erg/cm2). 
Specular (6-26) x-ray diffraction scans for SV1098 con- 

firmed a single orientation of Py: Py (001)/Pt,MgO(001). 
They also revealed multiple orientations of the Mn049Pt051 

film, each having the chemically ordered tetragonal structure 
(a = 4.004 Ä, c = 3.664 Ä). The dominant orientation was 
Mno.^Pto.s! (100)/Py(001). For SV1171, the specular scan 
showed only a (111) peak for Py indicating a dominant (111) 
texture. All remaining peaks could be indexed on the basis of 
the chemically ordered, tetragonal phase of Mno.49Pto.51- 
Multiple peaks were present, indicating polycrystallinity 
with no preferred texture axis. 

To understand the role of microstructure and composi- 
tion, the two samples (SV1098, SV1171), were studied by 
electron microscopy. For sample SV10908, Fig. 2 shows a 
bright-field (BF) image (a), the corresponding selected area 
diffraction (SAD) pattern (b) and a dark-field image (c) using 
a portion of the Ni-Fe(112) ring (d). These images, taken 
from a thin (f—1000Ä) area of the sample show that the 
grains with sizes ~ 5 nm have a significant in-plane rotation. 
The SAD pattern can be indexed to a combination of face- 
centered-cubic Ni-Fe (a — 3.54 A), and Mn-Pt with an el- 
ementary tetragonal cell (a~2.82Ä, c —3.69Ä). The in- 
plane rotation of the grains is evident from the angular 
spread of both sets of spots in Figs. 2(b) and 2(d). Even 
though earlier 6-26 x-ray diffraction scans have confirmed 
good epitaxy, it appears that large-angle grain boundaries 
and significant mismatch in plane ( — 30°) between the 
grains abound. No evidence for the chemical ordering of 
Mno.49Pto.51 is readily discernible from these complicated 
SAD patterns. However, clear evidence for the ordering is 
seen in a microdiffraction pattern superstructure reflections 
[Fig. 2(e)], taken from a single grain using an 8 nm focused 
electron probe. A number of grains showed this feature but it 
is clear from this limited sampling that not all grains are 
chemically ordered. Similar analysis of sample SV1171 is 
shown in Figs. 2(f) (BF image) and 2(g) (SAD). Figure 2(f) 
shows a similar grain-size distribution to Fig. 2(a). The rings 
in the SAD pattern can be indexed to polycrystalline Si02 

and Mno.49Pto.51 (grain size —5 nm). No evidence for NiFe is 
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FIG. 1. Interfacial coupling energy density Ao- as a function of composition 
for Ni0.85Fe0.15 (100 A)/Mn:tPt1_I (300-400 Ä)/Si02. The solid points are 
from a wedge sample, and open circles are from individual samples (error 
bars within data circles). The inset shows two representative longitudinal 
Kerr loops for samples SV1098 and SV1171, which have the same compo- 
sition of MnjPt^j. (x = 0.49). The ordinate is the Kerr rotation on a nor- 
malized scale. The corresponding values of Ao- for these samples are plotted 
as a filled (SV1098) and open (SV1171) triangles. 

seen in the SAD pattern. There is only one weak shoulder on 
the side of the Mn049Pt05i (200) peak that shows up for Py 
in the electron diffraction pattern; perhaps this line was un- 
detected or the thin layer was removed in the ion-milling 
process. Local compositions of the films were both 
Mn049Pto.5i but the permalloy compositions were Nio.g7Feo.13 
and Ni085Fe0.i5 for SV1098 and SV1171, respectively. 

The nature of the interface and the chemical integrity of 
the various layers were studied by both energy-filtered imag- 
ing and high-resolution phase contrast imaging of cross- 
section samples. Using this technique, features in the char- 
acteristic energy-loss edges of the constituent elements can 
be measured both at high-energy (— 1 eV) and spatial 
(—l-2nm) resolution. Typically, in the electron micro- 
scope dipole selection rules, A1 = ± 1 apply and the core 
edges of interest are the ls^p(K), 2p—>d(L), and 3d 
—>/(M) transitions. Specifically, for the elements of interest 
this would correspond to the K edges for oxygen (532 eV) 
and magnesium (1305 eV), L edges for manganese (L3 

-640 eV, L2~651eV), iron (L3~708eV, L2~721 eV,) 
and nickel (L3~855 eV, L2~872 eV), and the 023 edge for 
platinum (52 eV). Energy-filtered maps (using 10 eV win- 
dows) for cross-section samples of SV1098, after back- 
ground subtraction and suitable correction to accommodate 
any thickness variations, along with a low-magnification im- 
age (a) and a high-resolution image of the interface (b) are 
shown in Fig. 3. The individual layers corresponding to 
MgO, NiFe, and Mn-Pt are clearly evident from the overlap 
of the images from their respective constituent elements. 
Within the resolution of this measurement the interfaces be- 
tween the three layers are chemically sharp and are devoid of 
any pinholes. A similar result was also obtained for sample 
SV1171, but in the interest of brevity these energy-filtered 
images are not included in this article. Finally, the high- 
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FIG. 2. Plan-view images and selected area diffraction for the two samples. 
Notice the reflection corresponding to chemical ordering in (e). 

resolution electron microscope image reveals that the inter- 
face between the permalloy and Mn-Pt is structurally quite 
rough with significant strain. 

The key result is that our data show a much reduced 
interfacial coupling for the epitaxial Py/Mn049Pto5i sample 
(SV1098) in comparison with the inverted polycrystalline 
Py/Mn049Pt051 sample (SV1171). Apart from the different 
crystallographic texture of the two structures, other differ- 
ences include a small but significant difference in grain size 
and a large thickness difference of Mn049Pt051. Note that the 
model of Malozemoff8 does predict a linear dependence of 
ACT on the reciprocal of the domain size of the antiferromag- 
net. The smaller crystallographic grain size of SV1171 com- 
pared with SV1098 leads one to expect a smaller domain 
size, though this remains to be confirmed experimentally. 
Another difference between the samples may be that the de- 
gree of chemical ordering for sample SV1098 is less than for 
SV1171, leading to incomplete antiferromagnetic ordering in 
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FIG. 3. Cross-sectional images and energy-filtered elemental images for 
sample SV1098. 

this sample. The microdiffraction data for SV1098 do indi- 
cate incomplete and inhomogeneous ordering while the x-ray 
data for SV1171 are consistent with complete chemical or- 
dering. A further structural difference between the samples is 
that in SV1098 the orientation of the interface plane of the 
antiferromagnet is predominantly (100), which is a plane of 
uncompensated Mn moments. Koon9 has predicted a smaller 
ACT value for such a plane compared with a compensated 
plane. However, we believe that the most likely explanation 
for the large difference in ACT in the present samples is that 
the thickness (170 Ä) of Mn049Pt0.5i in SV1098 may be ap- 
proaching a critical thickness for exchange biasing. 
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Exchange coupling of NiFe/FeRh-lr thin films 
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We report unusually large room temperature coercive field Hc induced in Ni081Fe019 films grown 
on the (001) magnetically compensated surface of antiferromagnetic single crystal CsCl-type 
FeRh095Ir005 alloy thin layers on MgO(OOl) substrates. The specimens were prepared by 
conventional rf sputtering in Kr atmosphere, at 450-500 °C for FeRh-Ir and 20-200 °C for NiFe. 
The epitaxial growth of NiFe/FeRh-lr and atomically fiat terraces of FeRh-Ir were confirmed by 
x-ray reflectometry and scanning tunneling microscopy. For a NiFe(2.7 nm)/FeRh-Ir(22 nm) film, 
a maximum Hc of 810 Oe is observed. The l/fNiFe dependence of Hc for larger NiFe thicknesses 
indicates that the large coercive field originates from the magnetic interaction at NiFe/FeRh-lr 
interface. The large Hc combined with high corrosion resistance make FeRh based alloys a 
promising candidate for application as pinning layers in spin-valve devices. © 1998 American 
Institute of Physics. [S0021-8979(98)29011-6] 

I. INTRODUCTION 

Thin antiferromagnetic films are currently attracting con- 
siderable attention of many researchers because they serve as 
pinning layers in spin valve structures. For the applications 
in spin valve based devices, it is essential to use the antifer- 
romagnets with a high pinning force and a strong corrosion 
resistance. This is why we focused our interest on FeRh- 
based alloys. 

FeRh alloys between 48 and 52 at. % of rhodium display 
an ordered CsCl (or B2) structure and are antiferromagnetic 
(AF) at room temperature. Under heating they exhibit a first 
order transition at a temperature r0~340K to a ferromag- 
netic (FM) state, as observed by Fallot and Hocart.1 Exten- 
sive experimental and theoretical studies of structural and 
magnetic properties of these unusual materials were per- 
formed by several researchers. The AF-FM transformation 
is accompanied by a lattice expansion of about 0.3% while 
preserving the CsCl structure.2 

Neutron diffraction experiments3 showed that iron atoms 
have an enhanced magnetic moment in the both AF and FM 
states [/iFe(AF)~3.3 yu,B, yu,Fe(FM)~3.1 fiB\ Rhodium at- 
oms have no appreciable moment in AF state while 
yu<Rh(FM)~1.0/xB. These results are in a very good agree- 
ment with the conclusions of band structure calculations.4'5 

In contrary to Mn-based antiferromagnets, the AF coupling 
in FeRh alloys takes place between successive ferromagneti- 
cally ordered (111) planes of Fe atoms.4 

Preparation of the ordered FeRh alloy thin films is quite 
difficult since the structure and magnetic properties are very 
sensitive to the stoichiometry. We note that the CsCl order- 
ing occurs for Rh content from 20 to 52 at. %, but the AF 
state is established only between 48 and 52 at. % of Rh.6 

"'Electronic mail: yuasa@etl.go.jp 
b'Permanent address: Institute of Physics, Charles University, Ke Karlovu 5, 

121 16 Praha 2, Czech Republic. 

Lommel7 fabricated thin films of ordered FeRh alloy by 
several methods (alternate Fe and Rh deposition followed by 
diffusion anneal, codeposition and sputtering at 300 °C). 
More recently, other authors have tried cosputtering from Fe 
and Rh targets onto glass, followed by anneal at 
600-1200 °C8,9 or by coevaporation.10 The common prop- 
erty of these films was a presence of paramagnetic disor- 
dered fee phase, which appears probably due to an increased 
local concentration of Rh (on atomic scale) during the depo- 
sition and which reduces the growth of CsCl ordered 
structure.8 The retained fee phase strongly affects the 
AF-FM transition, which is well manifested when measur- 
ing the magnetization as a function of temperature during 
heating cycles.7'8 

For practical applications as antiferromagnetic layers in 
spin valves operating at "usual" temperatures it is necessary 
to raise the transition temperature T0 up to 450-500 K. This 
can be obtained by replacing about 5% of rhodium atoms 
with iridium.11 

As recently reported,12 we can successfully grow 
FeRh095Ir005 ordered alloy (001) epitaxial films by sputter- 
ing from an alloy target on MgO(OOl) substrates heated 
above 300 °C. In this article, we present structural and mag- 
netic properties of exchange coupled Ni081Fe019/ 
FeRh0 95Ir0 05 epitaxial films on MgO(OOl) substrates. 

II. SAMPLE PREPARATION AND CHARACTERIZATION 

FeRh0 95Ir0 05 films were prepared by a conventional rf 
sputtering from alloy target (60 mm in diameter) on cleaved 
(001) surfaces of MgO substrates, heated up to 450-500 °C, 
under Kr pressure, p(Ki), of 8 X 10~3 Torr, at a rate of 0.05 
nm/s. The film thickness ranged from 6 to 200 nm. After 
deposition, the films were annealed at the deposition tem- 
perature for 30-60 min. 

A permalloy layer Ni0.8iFe0.i9 was grown afterwards on 
each FeRh095Ir0o5 film, which was either water cooled or 
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FIG. 1. X-ray diffraction 6-26 scans of NiFe(fNiFc)/ 
FeRh-Ir(22nm)/MgO(001) samples for 25°=£20=£lOO°. The whole scans 
are shown for FeRh-Ir buffer without NiFe layer and for *NiFe=3 nm. For 
rNiFe=2 and 4.5 nm, the most important parts of the scan with NiFe(022) 
diffraction peak are also included. 

kept at temperatures up to 200 °C. Permalloy was sputtered 
from an alloy target under p(Kr)~8X 10~3 Torr, at a rate of 
0.05 nm/s. 

X-ray diffraction (XRD) experiments, carried out in a 
symmetric 6-26 scan using Cu Koc radiation, confirmed that 
the films are epitaxial with the ordered CsCl structure (Fig. 
1). No peaks of the fee disordered phase were detected. The 
average interplanar spacing agrees reasonably with the lattice 
constant a = 0.2985nm, determined in bulk FeRh095Ir005 

alloys.13 Only small differences were observed for the films 
thinner than 20 nm. 

Surface morphology was studies by ex situ scanning tun- 
neling microscopy (STM) using Nanoscope III equipment 
(Digital Instruments, Inc.) with a tungsten tip. These obser- 
vations revealed that the FeRh-Ir surface consists of atomi- 
cally flat (001) terraces of 100 nm average lateral size (Fig. 
2). The terraces are separated by steps with a minimum 
height of approximately 0.3 nm, corresponding to the lattice 
parameter a of the CsCl structure, which indicates a layer- 
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FIG. 2. Typical STM image of 324x324nm2 surface of 200-nm-thick 
FeRh-Ir ordered alloy film on MgO(OOl) substrate. The edges of the picture 
are parallel with MgO[100] and MgO[010] directions. 
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FIG. 3. Coercive field Hc in NiFe(?NiFc)/FeRh-Ir(22 nm)/MgO(001) struc- 
ture as a function of f NiFc. The most interesting region, where Hc reaches its 
maximum, is magnified in the left inset. To justify the l//NjFc behavior of Hc 

for thicker NiFe layers, we plotted Hc against 1/(NIFC in tne right inset. 

by-layer growth process. The expected crystallographic rela- 
tion between the alloy film and the MgO substrate is: FeRh- 
Ir(001)IIMgO(001) and FeRh-Ir[100]IIMgO[110], which 
means, that FeRh-Ir(OOl) layer grows epitaxially on 
MgO(OOl) with the unit cell rotated by 45° in the plane of 
the sample. Thus, the STM observations reveal, that the steps 
separating the FeRh-Ir terraces are parallel with FeRh-Ir 
[100] and [010] directions (Fig. 2). 

XRD measurements showed that NiFe(Oll) grows epi- 
taxially on FeRh-Ir(OOl) plane (Fig. 1). The corresponding 
NiFe(022) XRD peak was observable for f (NiFe) > 1.6 nm. 

III. MAGNETIC PROPERTIES 

Magnetic properties of FeRh-Ir and NiFe/FeRh-Ir sys- 
tems were studied using a vibrating sample magnetometer, at 
temperatures ranging from 300 to 600 K. All measurements 
were performed with an in-plane geometry (HHMgO[100], 
FeRh-Ir[110]). 

At room temperature, we observed no appreciable FM 
behavior of the FeRh-Ir films. The AF-FM transition occurs 
in the temperature range from 400 to 500 K.12 The magneti- 
zation change with temperature12 is not steplike, typical for 
bulk alloys,11'14 however, it is much steeper than those re- 
ported earlier for FeRh films by other authors.7-9 This is true 
even for very thin (15 nm) FeRh-Ir layers. 

Hysteresis loops of NiFe(llO) films grown on FeRh-Ir 
exhibit considerably large coercive field Hc. On the other 
hand, we detected no shift of the loop which is typical for 
FM layers exchange coupled with Mn-based 
antiferromagnets,15 even after field cooling from 600 K un- 
der H= 20 kOe. At a fixed NiFe thickness, the coercivity Hc 

is nearly constant for FeRh-Ir thicknesses ?FeRh_ir>18 nm. 
Below this value, Hc is approximately proportional to 
tFeRh-ir • Results of STM observations show that this behav- 
ior is most probably related to the morphology changes (de- 
crease of the terrace size and appearance of holes in the film) 
in the low FeRh-Ir thickness limit of continuous FeRh-Ir 
layer.  Thus, for the following  studies  we have chosen 
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FIG. 4. Room temperature hysteresis loop in the NiFe(2.5 nm)/FeRh-Ir(22 
nm)/MgO(001) structure. 

?FeRh_Ir=22 nm, which may be the optimum thickness for 
applications of these antiferromagnetic layers in spin valves. 

We also studied the effect of permalloy layer thickness 
on Hc (Fig. 3). For ultrathin NiFe layers, Hc increases with 
?NiFe and reaches a maximum of about 810 Oe at 
%Fe=2.7 nm. At and above this thickness, the NiFe layers 
exhibit square hysteresis loop (Fig. 4). For larger NiFe thick- 
nesses, Hc decreases, obeying approximately the Hc~ l/tmFe 

law (see inset of Fig. 3). Such a variation with tKlPe suggests 
that the origin of the large coercive field occurs at the NiFe/ 
FeRh-Ir interface. This explanation is also supported by the 
fact that samples with better FeRh-Ir surface morphology 
show larger Hc. 

IV. CONCLUSIONS 

We have prepared single crystal FeRh095Ir005 ordered 
alloy films with CsCl (B2) structure. Ni08iFe019(011) layers 
were deposited on the atomically flat FeRh-Ir terraces. In- 
plane magnetization loops exhibit large coercive fields, Hc, 
which reached a maximum of 810 Oe for rFeRh_Ir=22 nm and 
fNiFe=2.7nm. The observed Hc dependence on (l/fNiFe) at 

larger NiFe thickness suggests that those considerably large 
coercive fields originate from a magnetic interaction at NiFe/ 
FeRh-Ir interface. The large Hc could be used as a pinning 
force in a spin valve structure. To understand the mechanism 
of the interface interaction and the effect of morphology on 
magnetic properties of these structures, further research is in 
progress. 
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Ni082Fe01gO{100} epitaxial films, ranging in thickness from 70 to 1200 Ä, were grown by 
solid-source metal-organic chemical vapor deposition. The exchange field for 45 Ä Nig0Fe20 on 
Ni082Fe018O films reached 250 Oe at 200 A Ni082Fe0180 and then stayed almost constant with 
increasing thickness of Ni082Fe0 J80. Furthermore, the coercivity for those films is only 55 Oe. The 
high exchange field and the low coercivity are attributable to the high in-plane anisotropy of 
Ni082Fe018O{100} and the uncompensated spins in the interface of Ni082Fe018O/Ni80Fe20. The 
blocking temperature of these films is 180 °C, lower than that of NiO/Ni80Fe20 (-220 °C). The 
reduction of the blocking temperature may result from local Fe-O-Fe or Fe-O-Ni bonding, which 
loses the superexchange interaction at a lower temperature than the blocking temperature of NiO. 
© 1998 American Institute of Physics. [S0021-8979(98)37211-4] 

I. INTRODUCTION 

The anisotropic exchange interaction between NiO and 
Ni80Fe20 has been extensively studied.1"3 Although NiO has 
shown potential as a biasing material, the low anisotropy of 
NiO, resulting in a relatively low exchange field (He) and a 
high coercivity (Hc) of NiO/Ni80Fe20 systems,2 limits its use 
as a biasing layer in spin valves.3 To increase exchange 
fields, previous attempts were made to change the anisotropy 
of NiO by doping with cobalt (Co+2)' and strontium 
(Sr+2).2 In recent work,4 we demonstrated the growth of 
{111} epitaxial and poly crystalline Fe-doped NiO by solid- 
source metal-organic chemical vapor deposition (MOCVD), 
and showed enhancement of He for the Fe content up to 18 
at. %. Because the spin-compensated nature of NiO {100} 
planes5 contrasts with the spin-uncompensated nature of 
{111} planes, it would be interesting to examine the effect of 
Fe doping on the epitaxial NiO {100} films. Because 18 at. % 
Fe doping showed maximum He in polycrystalline and {111} 
Fe-doped NiO systems, we have deposited 18% Fe-doped 
NiO {100} films of various thicknesses on MgO {100}, 
and report here the variation of the exchange field and 
the coercivity with the oxide thickness for the 
Ni0.82Fe0.i80{ 100}/Ni80Fe20 system. 

II. EXPERIMENTAL PROCEDURES 

Fe-doped NiO films ranging in thickness from 70 to 
1200 Ä were grown on 1 cm XI cm X 0.5 mm MgO {100} 
substrates, using a solid-source MOCVD technique at a 
growth temperature of about 510 °C. The Fe content, fixed at 
18 at. %, was controlled by the mixing ratio of solid-source 
Fe(TMHD)3 to Ni(TMHD)2 (TMHD: tetra-methyl-heptane- 
dionate). Ni80Fe20 films 45 A thick were deposited on the 
Fe-doped NiO films by dc magnetron sputtering in the pres- 
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ence of a magnetic field of 70 Oe. The surface of the oxide 
film was cleaned by ion beam bombardment before the depo- 
sition of Ni80Fe2o, and 50 Ä of Ta was used as a capping 
layer. The Ni80Fe20 and Ta films were deposited at room 
temperature. The microstructure and phases were identified 
by transmission electron microscopy (TEM). Since the an- 
isotropic exchange is quite surface sensitive, we took the 
reflection high energy electron diffraction (RHEED) patterns 
on the oxide surface to examine the surface symmetry. Elec- 
tron probe microanalysis (EPMA) was used to determine the 
average chemical compositions and the thicknesses of the 
films. The distribution of Fe dopants was measured by en- 
ergy dispersive x-ray spectroscopy (EDX) attached to TEM. 
The valence states of Fe and Ni were determined by x-ray 
photoelectron spectroscopy (XPS). The surface roughness 
was estimated by atomic force microscopy (AFM). The hys- 
teresis loops were taken using the magneto-optical Kerr ef- 
fect (MOKE), and the exchange field was determined by the 
shift of the loops. High-temperature hysteresis loops were 
measured under pressures less than 2X 10~6 Torr. 

III. RESULTS 

The atomic ratio of Fe/(Fe+Ni) was 18% measured with 
EPMA. In addition, the XPS chemical shifts of Ni082Fe0 l80 
showed that the dominant valence state of Fe and Ni was 
+ 2. Figure 1 shows the high resolution cross-sectional TEM 
images of the sample MgO{100}/950Ä Ni082Fe018O/45 Ä 
Ni80Fe20/50 A Ta. The continuous lattice fringes from MgO 
to NiO82Fe0180 indicated a high-quality epitaxial growth of 
Nio.82Feo.i80{100} on MgO {100}. In addition, no extra spots 
found in the diffraction pattern indicated that no second 
phases formed, and that the majority of Fe dopants dissolved 
into the NiO matrix. From the line scan of EDX, we found 
the Fe dopants uniformly distributed into NiO matrix. The 
RHEED patterns of the Ni0 82Fe0 lgO surface consist of Kiku- 
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FIG. 1. The high resolution cross-sectional TEM image of MgO 
{100J/950 Ä Ni0 82Fe0.lsO/45 Ä Ni80Fe20/50 Ä Ta. The bottom-left corner is 
the lattice image of the interface between MgO {100} and Ni082Fe0180. 

chi lines and intensity-modulated diffraction streaks, indicat- 
ing that the Ni082Fe0180 film is single crystallinelike, how- 
ever, not perfectly smooth. Thus, transmission-type 
diffraction patterns modulate the streaks and reveal the sur- 
face symmetry: fourfold and {100} aligned. The root-mean- 
square (rms) roughness on the surface of 450 Ä Ni082Fe0180 
was 8.5 A, measured with AFM. 

The hysteresis loop of 45 A Ni80Fe20 on 450 A 
Ni082Fe018O {001} along the easy axis is shown in Fig. 2. 
The He and Hc are 255 and 55 Oe, respectively. Comparing 
with Ni80Fe20 on epitaxial MOCVD NiO {001},6 whose He 

and Hc are 40 and 250 Oe, 18% Fe doping in NiO {001} 
increases He as much as 6 times! This high ratio of HeIHc 

and high He are also different from the results reported in the 
pure poly crystalline NiO system,1'7 which typically has a 
He IHC ratio of less than 2, and He smaller than 220 Oe. The 
interfacial coupling energy Ke = HeXMsXtf (Ms and tf are 
the saturation magnetization and the thickness of Ni80Fe20, 
respectively) is —0.09 erg/cm2. 

Figure 3 shows the changes in He and Hc (measured 
along the easy axis) of 45 Ä Nig0Fe20 on Ni082Fe018O{100} 
films as the thickness varies from 70 to 1200 Ä. He appeared 
at  oxide  thickness   t 
ffl/=200 A, and   then 

= 140 A,   reached  to  250  Oe  at 
H„   remained   almost   constant 

-200 0 200 

applied field (Oe) 

FIG. 2. Hysteresis loop of 45 Ä Ni80Fe20 on 450 Ä Ni0.82Feai8O{001}. The 
field was applied along the easy axis. 
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FIG. 3. AF thickness dependence (faf) of the exchange field (He) and the 
coercivity (Hc) for 45 Ä Ni80Fe20 on 450 Ä Ni0.82Fe018O{001} films. 

(—250Oe) with increasing thickness of Ni082Fe0180. The 
result is in contrast to that in the polycrystalline pure NiO 
systems,3'7 which show that a larger thickness (taf>300 A) 
is needed to reach a saturated value of He (He<220 Oe for 
45 Ä NiFe). 

In spite of the enhancement of the exchange field in 18% 
Fe-doped {100} films, the blocking temperature Tb—the tem- 
perature at which He goes to zero—of these epitaxial {100} 
films was 180 °C, lower than that of pure NiO1'3 (Tb 

-200-220 °C). This result is similar to those of 18% Fe- 
doped polycrystalline and epitaxial {111} NiO films.4 The 
temperature dependence of He for 45 A Ni80Fe20 on 450 A 
Ni082Fe018O{100} film is shown in Fig. 3. Note that the He 

is always larger than Hc until the temperature reaches Tb. 

IV. DISCUSSION 

At temperatures above TN=523 K, the Neel temperature 
of NiO, NiO is paramagnetic and crystal structure is cubic 
rock salt.5 Below TN, the antiferromagnetic ordering results 
in a slight rhombohedral deformation of crystal, which con- 
sists of a contraction of the original unit cell along one of the 
(111) axes. The spins of NiO below TN are arrayed in ferro- 
magnetic sheets which are parallel to {111}, and the direction 

0 50 100 150 
temperature (°C) 

FIG. 4. Temperature dependence of the exchange field (He) and the coer- 
civity (Hc) for 45 Ä Ni80Fe20 on 450 Ä Ni082Fe0.i8O{001} films. 



6818        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Lai et al. 

of magnetization in neighboring planes is reversed;5 there- 
fore, for {100} planes, spin compensation occurs since alter- 
nate spins are antiferromagnetically ordered in the planes. 
Ideally, if the Ni80Fe2o film coupled to a single-domained 
NiO {100} with an atomic flat interface, the exchange field 
should approach to zero. In reality, because of the interface 
roughness and finite-size multidomains, a nonzero He 

exists,2'8 but the value is smaller than that of Ni80Fe20 on 
polycrystalline NiO. In contrast to the NiO {100} case, 
Ni80Fe2o coupled to Ni082Fe018O{100} shows high He. The 
surface roughness of MOCVD NiO and Ni082Fe0I8O are 
similar, which eliminates the effect of interface roughness on 
He. From the results of EDX and XPS, we know that the Fe 
dopants distribute uniformly in the NiO matrix with valence 
state + 2. Roth has done neutron diffraction to determine the 
magnetic structure of NiO and FeO,5 and showed that the 
average moments per site of nickel and iron in NiO and FeO 
are 2 fiB and 3.32 fiB, respectively. The uneven moments of 
Ni and Fe may increase the degree of uncompensation in the 
interface, which may contribute to the high nonzero value of 
He. 

Two requirements are needed for achieving high ex- 
change fields: an uncompensated interfacial spin configura- 
tion of an antiferromagnet (AF), and a large anisotropy of the 
AF to make the spins of the AF remain pinned during the 
magnetization reversal of ferromagnets. The most obvious 
way to have an uncompensated interface in NiO is to deposit 
ferromagnets on NiO {111}. In our previous work,4'6 we re- 
ported that the Ni80Fe20 on NiO{l 11} or on NixFe, _^0{ 111} 
showed large coercivities and relatively low exchange fields. 
We found that the contraction axis was perpendicular to 
interfaces,9 i.e., all spins lie within {111} planes parallel to 
the interface. Because in-plane anisotropy within those {111} 
planes is weak, the exchange field is low. On the other hand, 
NiO {100} planes have a compensated nature, but {100} 
planes are 54.7° away from the contraction axis; therefore, 
the field needed to rotate the spins within {100} planes is 
higher than that in {111}, resulting in a higher in-plane an- 
isotropy. From the previous discussion, since Fe dopants 
may increase the degree of uncompensation, 
Ni082Fe0i8O{100} satisfies both requirements for high He. 
Furthermore, FeO is known to have considerably higher 
magnetic anisotropy than NiO (Ref. 10) because the orbital 
degeneracy is not completely removed in FeO. The dissolved 
Fe atoms can participate in local Fe-0 bonding and increase 
the anisotropy of NiO. In addition, high-quality epitaxial 
NiO films may form large magnetic domains, which may 
result in small He.

u The Fe dopants can introduce stress and 
defects into NiO matrix and suppress the formation of large 
domains, and further enhance the He. 

The high anisotropy of Ni082Fe018O{100} is also re- 
flected on a small thickness needed for high He and on a low 
coercivity of Ni082Fe0180{100}/Ni80Fe20. As the thickness of 

Ni082Fe018O increases, the volume anisotropy energy of 
Ni082Fe018O (KafX tafX area of interface, Kaf= anisotropy 
energy per unit volume of Ni082Fe0I8O) increases. The 
thickness needed for high He is the thickness at which the 
volume anisotropy energy of Ni082Fe0180 is large enough to 
pin its spins during the field reversal; therefore, larger anisot- 
ropy in the oxide (Kaß means smaller thickness (taf) needed 
to reach high He. From our previous study,2 we found that 
the main source of coercivity in the NiO/Ni80Fe20 system is 
the irreversible rotation of spins in NiO due to the low an- 
isotropy of NiO. Consequently, when the anisotropy of NiO 
is increased by Fe doping, the coercivity is significantly re- 
duced. 

In spite of the enhancement of He, the blocking tem- 
perature of Ni082Fe0,80 was reduced. This may be due to 
the local Fe-O-Fe or Fe-O-Ni bonding, which loses the 
superexchange interaction at a lower temperature than the 
Ni-O-Ni bonding does. This is consistent with the low Neel 
temperature (198 K) of FeO. 

V. CONCLUSIONS 

We have observed a high exchange field (250 Oe) and a 
low coercivity (55 Oe) for 45 Ä Ni80Fe20 on the 
Ni082Fe018O{100} films with thickness larger than 200 Ä. 
The increase of He can be attributed to the high in-plane 
anisotropy of Ni082Fe0]8O{100} and the uncompensated 
spin configuration in the interface due to the Fe doping. The 
high anisotropy of Ni082Fe0 lgO also results in a low coer- 
civity and a small thickness needed to reach a high He. A 
reduction of the blocking temperature (Ti= 180 °C) of the 
Ni082Fe0i8O/Ni80Fe20 system possibly relates to the local 
Fe-O-Fe or Fe-O-Ni bonding, which loses the superex- 
change interaction at a temperature lower than the blocking 
temperature of NiO. 
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Temperature dependence of ferromagnetic resonance as induced 
by NiO pinning layers 

P. Lubitz,a) J. J. Krebs, M. M. Miller, and Shufan Cheng 
Naval Research Laboratory, Washington, DC 20375 

Ferromagnetic resonance (FMR) experiments have been conducted near 9.5 GHz on permalloy (Py) 
thin films which are components of spin valves and related structures. These so-called giant 
magnetoresistance structures often use antiferromagnetic NiO to achieve pinning of one magnetic 
layer. Magnetic anisotropies acting on these pinned layers were deduced by observing their 
resonances for fields perpendicular to and in the sample plane. We used data taken from 4 to 600 
K to identify potential mechanisms of pinning, anisotropy, and linewidth. The anisotropic exchange 
pinning and an isotropic downward FMR shift vanish at a blocking temperature well below the bulk 
Neel temperature of NiO. The strong temperature dependencies of the isotropic shift and linewidth 
may reflect the presence of different spin pinning subsystems and the different time scales of the 
FMR and low frequency or static measurements. [S0021-8979(98)30211-X] 

INTRODUCTION 

Antiferromagnetic (AF) and spin glass systems in inti- 
mate contact with thin ferromagnetic films have been shown 
to produce large shifts in the position of the ferromagnetic 
resonance lines.1 The ferromagnet is strongly exchange 
coupled to an ordered spin system with small net moment, 
and therefore experiences the constraints responsible for the 
ordering in that system—in effect, the ferromagnet gives us 
an external "handle" on the adjacent low moment system. 
Reported results1 for FMR on such systems have shown a 
variety of temperature dependencies of the line shifts (e.g., 
a exp(-77r0) for spin glasses but with more abrupt onsets 
for thin NiO and CoO). Also conspicuous is the nearly iso- 
tropic nature of the shifts, i.e., all directions appear "easy." 
Such shifts apparently are independent not only of orienta- 
tion but also of measurement frequency.1'2 

Using a system in wide use, Py (nominally 80 at. % Ni, 
20% Fe) biased by NiO, we have conducted FMR measure- 
ments at about 9.5 GHz for temperatures from 4 to 600 K 
and for a variety of orientations. This system has been stud- 
ied extensively by mostly static B-H loop, Kerr, and mag- 
netoresistance measurements.3 Predictions of exchange cou- 
pling in FM/AF systems have been made4 but the results 
depend strongly on grain size and orientation, surface rough- 
ness, and magnetization process. 

We determined the isotropic and anisotropic shifts and 
the linewidths. From their particular temperature dependen- 
cies, we make inferences as to the magnetic configurations 
which may be responsible for the phenomena observed. 

EXPERIMENT 

Spin valve structures and subcomponents were made by 
dc magnetron sputtering without cooling, i.e., at slightly 
above 300 K. For this paper, all Py and Cu layers were 
nominally 45 Ä thick, NiO layers were 1000 Ä, and all were 
polycrystalline. The structures were deposited on polished Si 

wafers having a native oxide surface. After deposition of 
successive layers of Py, Cu, and Py again, in a magnetic field 
sufficient to align the Py layers, the NiO layer was formed by 
reactive sputtering of Ni. Separate films of Si/Py/Cu, Si/Cu/ 
Py/NiO, and Si/Cu/Py/Cu were also made. All of these con- 
figurations have low roughness metal layers, a few ang- 
stroms rms, as determined by atomic force microscope and 
have low linewidths and coercivities for the unpinned mag- 
netic layers. 

FMR data were taken with a Bruker ECS9 system oper- 
ating at about 9.46 GHz with temperature control provided 
by N2 (100-600 K) or He (4-300 K) gas flow systems. 
Magnetoresistance and vibrating sample magnetometry data 
were also obtained on the samples at room temperature. 

RESULTS 

The as-made Py films with NiO overlayers have a static 
exchange bias field of about 100 Oe. Figure 1 shows in-plane 
FMR data illustrating several features: (a) low-field structure 
related to magnetoresistance changes, (b) a broad tempera- 
ture sensitive absorption line arising from the Py layer adja- 

a)Electronic mail: lubitz@anvil.nrl.navy.mil 
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FIG. 1. FMR spectra of a spin valve with the applied field along the hard 
in-plane direction showing the switching of the pinned Py at low fields, and 
the pinned and free Py resonances (arrows). 
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FIG. 2. Heiso and He aniso as functions of temperature as derived from in- 
plane FMR data. 

cent to NiO, and (c) a narrower line with weak angular and 
temperature dependence arising from the unpinned Py layer. 
The pinned Py resonance line moves downward rapidly in 
field position on cooling while the low field structures move 
upward more slowly, largely because the coercivity of the 
pinned layer increases. 

It is difficult to determine the magnitude of exchange 
induced shifts absolutely. Films of the same thickness with 
different interface materials2 generally have different mo- 
ments. We considered use of the pinned line above the TN of 
NiO (523 K) as a reference. However, its moment was found 
to change irreversibly near TN because of diffusion of Cu 
into Py above 200 °C. Therefore we discuss only data up to 
450 K and arbitrarily assign the position of the resonance at 
that temperature as a reference, Href. 

We characterize the exchange effects for in-plane data 
by means of an anisotropic exchange field Heaniso and an 
isotropic exchange shift Heiso. For the anisotropic effects, 
we take 77e anis0=//r(hard)-/fr(easy) so a reference is irrel- 
evant. Here #r(easy) is the resonance field when H is along 
the exchange bias favored direction established by the field 
during Py deposition while Hr(haid) is the corresponding 
field for H rotated by 180°. For the isotropic component, we 
take //eiso=//ref-[//r(easy) + //r(hard)]/2. 

The Heiso and He aniso data calculated in this way are 
shown in Fig. 2 as derived from in-plane FMR. For tempera- 
tures between 350 and 150 K, He<miso '

s essentially constant. 
At higher temperatures, this anisotropy disappears in a nar- 
row temperature range, at essentially the same temperature at 
which the B-H loop shift (the usual exchange bias field) 
goes to zero. Since this is well below the bulk TN, we as- 
cribe this to the blocking transition as described by Carey 
et al? (only for the "as-deposited" condition did their ex- 
change field disappear near 380 K; for samples which con- 
tain thin layers of CoO, they were able to increase the block- 
ing temperature to near TN by field cooling, which we are not 
able to duplicate). 

Below about 150 K and for applied fields in the film 
plane, the pinned Py FMR lines fall below the field values 
necessary to saturate the Py (below zero field for the easy 
direction) and no easily interpreted spectra are seen. By tak- 
ing data in the perpendicular orientation we were able to 
follow the increase in field shift down to 4 K. If we account 
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FIG. 3. (a) FMR fields for nominally unpinned Py with and without 45 Ä 
Cu protective layers and (b) effect of Cu protective layers, native oxide, and 
thick NiO on temperature dependence of FMR linewidths of adjacent Py. 

for the temperature dependence of M, the shift tracks that of 
the in-plane data over the common temperature region. This 
trend continues even down to 4 K if the sample is not reori- 
ented during the cooling. However, below about 150 K, the 
spectra become hysteretic and additional lines appear which 
must be addressed in a later paper. 

Near 300 K, linewidths of the pinned Py (Fig. 3) are 
about 100 Oe for all orientations and show a moderate in- 
crease to about 160 Oe near 150 K; for fields perpendicular 
to the film plane, the lines narrow to near 100 Oe at 4 K, if 
the sample is not reoriented. To determine what part of these 
effects is intrinsic to our Py, we also made and measured Py 
layers with Cu capped and native oxide surfaces. Py layers 
with native oxide surfaces have widths near 40 Oe at 300 K 
and these broaden at low temperatures (Patton5 reported 
somewhat similar results for oxidized Py). Cu protected Py 
has linewidths less than 30 Oe which narrow slightly with 
cooling. 

In measuring nominally unpinned reference Py samples, 
we have found that they also generally show small isotropic 
(only downward) shifts, but these are significant only for 
temperatures below 50 K, see Fig. 3. The shift shows no 
freezing-in (i.e., it is the same after rotating 180° even at 4 
K) and increases with decreasing temperature even near 4 K; 
the size of the shift varies inversely with Py thickness. These 
shifts bear a strong resemblance to those observed by Takano 
et al.4 We found that Py films having either a native oxide 
layer or deposited on the native oxide of Si have comparable 
shifts but Py films which have Cu on both surfaces show a 
much reduced effect. 
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DISCUSSION AND CONCLUSIONS 

The temperature dependence of the Py FMR line shifts 
associated with NiO adjacent layers reveal a variety of dis- 
tinctive phenomena. First, nominally static exchange fields 
Z/eaniso, which act like unidirectional fields and have the 
same magnitude as the exchange shifts of hysteresis loops 
(also reported2 in FMR near room temperature), are clearly 
present. These have only a weak temperature dependence up 
to near the blocking temperature which in our samples is 
generally about 380 K (well below TN), above which they 
become negligible. The linewidth decreases moderately with 
increasing temperature until above the blocking temperature, 
perhaps indicating that the mechanism responsible for the 
anisotropic shifts has spatial variations which broaden the 
line. In order to not be narrowed by the exchange interaction 
in the Py layer, these variations must have a scale of at least 
a few hundred angstroms, i.e., a Py "wall" width, W 
= j(A/AHkM), where AHk is a spatial variation of the ex- 
change anisotropy, presumed to be about 100 Oe. The re- 
maining width relative to unpinned Py may be related to the 
variable oxidation states of the surface species, which can 
allow additional relaxation mechanisms, especially since Fe 
is present.5 Note that the presence of even a thin native oxide 
on Py adds a significant width. (Our earlier work1 showed 
that thin Cu or Ni surface layers on Fe polycrystalline films 
reduced the linewidths to the lowest values reported for 
metal films, 15 Oe., implicating the role of iron oxides in this 
line broadening.) 

The origin of the isotropic and strongly temperature de- 
pendent fields He iso sensed by the FMR from about 150 K 
(and possibly much lower) up to the vicinity of TN is much 
less certain. Earlier reports of isotropic shifts considered a 
spin-glass phase as the probable source.1 It is tempting to 
postulate additional spin systems, e.g., small grain regions in 
the NiO at the interface with Py. Indeed, Chopra,6 using 
TEM, observed a fraction of small surface grains in his NiO 
biased spin valves. This conjecture is supported further by 
the absence of strong line broadening as H£:iso increases, 
implying that the mechanism arises from parts of the NiO 
with less than about 100 Ä lateral extent. 

The isotropic shifts indicate spin subsystems which can 
follow the external field rather than being frozen into the 
sample. One such shift [Fig. 3(a)], seen at low temperatures 
in nominally unpinned Py, can be attributed to a surface- 
oxide spin system since Cu capping eliminates it; this shift 
has the same temperature dependence and magnitude as a 
surface induced field reported by Takano et al.4 for CoO. 

That effect has a frozen-in or remanent aspect which is much 
reduced for small applied fields. Since that field was not 
strongly frozen-in, even for CoO which has very strong 
single ion anisotropy, it is not surprising that our native ox- 
ide layers, which we presume to be mainly NiO with a much 
smaller local anisotropy, lack any memory at 4 K. The 
broadening accompanying this shift is likely to represent a 
true magnetic relaxation rather than a large scale 
inhomogeneity.5 

Neel's analysis7 of the time dependence of the response 
of small magnetic particles predicts a response time T 

= T0 Qxp(E/kT) where E is an energy barrier (e.g., magnetic 
anisotropy KX volume) and T0 is a characteristic precession 
time (low microwave frequency). Hence, for small AF 
grains, the magnetic configuration can change rapidly for 
temperatures above Elk, but the configuration cannot evolve 
as fast as our microwave frequency. Thus, in the FMR ex- 
periment, the exchange anisotropy sensed, and thus the reso- 
nance field, are determined by a local energy minimum 
which appears static, but which easily follows reorientations 
of the Py moment and therefore does not appear as an aniso- 
tropic bias field. On cooling, a larger fraction of grains be- 
comes aligned relative to the Py at any instant, giving a 
larger shift. 

Much stronger exchange fields are sensed in FMR at low 
temperatures than are indicated by static experiments. Iden- 
tification of a spin subsystem responsible for the large iso- 
tropic shifts will require more detailed analysis of the micro- 
structure. Our data place strong constraints on the lateral size 
of the features, which impact the linewidth, on their anisot- 
ropy energy and volume, which determine freezing tempera- 
tures, and on the fraction of surface spins involved, which 
determines the size of the line shifts.4 
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Dependence of exchange coupling on antiferromagnetic layer thickness 
in NiFe/CoO bilayers 

T. Ambrose3' and C. L. Chien 
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218 

A systematic study of the dependence of exchange coupling in NiFe/CoO bilayers on CoO layer 
thickness fAF from 5 to 500 Ä has been made. For large CoO thicknesses OAF>100Ä), the 
exchange field varies as l/fAF, whereas for small CoO thicknesses (tAF< 100 Ä), finite-size scaling 
of the Neel temperature TN and also the blocking temperature TB dominate. © 1998 American 
Institute of Physics. [S0021-8979(98)52811-3] 

The exchange coupling between a ferromagnet (FM) and 
an antiferromagnet (AF) displays a rich variety of 
phenomena.1 When a FM/AF bilayer thin film is field cooled 
across the AF Neel temperature (TN), the hysteresis loop of 
the FM is now shifted or biased away from the origin. This 
shift, known as the exchange field (HE), can be several hun- 
dreds Oe in size. The AF must possess sufficient anisotropy 
to withstand switching of the FM magnetization. The ex- 
change field decreases with temperature and vanishes a tem- 
perature termed the blocking temperature TB, which is less 
than TN of the AF layer. The anisotropy of the AF must 
decrease to zero at TN. Near and below TN, the anisotropy 
of the AF eventually becomes too weak to maintain its spin 
structure during the hysteresis cycle resulting in no exchange 
field. 

Exchange biasing is important for applications in the 
spin-valve devices,2 although the origin of this coupling re- 
mains unclear. Some of the important questions concerning 
exchange biasing include the relative spin orientation of the 
FM and AF layers, and the interaction between them. It has 
been well established that HE varies inversely with the FM 
layer thickness.3'4 This demonstrates that the exchange cou- 
pling is transmitted across the FM/AF interface. It has been 
widely assumed that this exchange coupling is a short-range 
interaction occurring only at the interface, although some 
new results suggest otherwise.5 In this work, we address the 
dependence of exchange bias on the AF layer thickness. 

There have been previous studies on the effect of the AF 
layer thickness on the exchange coupling strength in 
NiFe/FeMn6,7 in NiFe/NiO8 and in CoO/NiFe9 bilayers. In 
these works, both the exchange fields and blocking tempera- 
tures were observed to correlate with the AF layer thickness 
in some manner. Unfortunately, most of these measurements 
were not made at sufficiently low temperature to conclu- 
sively determine the dependence on the AF layer thickness. 
Recently, a study of the AF layer thickness dependence on 
HE was made in Fe304/CoO bilayers,10 where the exchange 
field was measured to low temperatures. With the few 
samples, the values of HE and the blocking temperature were 
observed to scale with the CoO thickness, but a clear rela- 
tionship between the exchange field and the AF layer thick- 
ness was not determined. 

"'Electronic mail: ambrose@jhuvms.hcf.edu 

In this work, we have determined the relationship be- 
tween the AF layer thickness and the exchange bias using 
NiFe/CoO bilayers with a fixed NiFe layer and various CoO 
thicknesses from 5 to 500 Ä. There are two qualitatively 
different behaviors of the dependence on the AF layer thick- 
ness ?AF. For tAF> 100 Ä, where TN remains unchanged, HE 

is found to vary as l/tAF. For fAF< 100 Ä, the effect is due 
to finite-size scaling of TN of very thin layers, and the results 
are in good agreement with the susceptibility measurements 
using CoO/Si02 multilayers.11 

To examine the AF layer thickness dependence on the 
exchange field, the NiFe/CoO system was chosen, involving 
a well-known AF insulator CoO with TN= 292 K and per- 
malloy (NiFe=Ni81Fe19) useful for many device applica- 
tions. To carefully examine the AF layer thickness depen- 
dence, the bilayers in this study were taken from one large 
sample of a 300 A film of NiFe grown on a wedge layer 
(5-500 Ä) of CoO, which was grown on 300 Ä Cu. The 
CoO wedge film allows many samples that were fabricated at 
the same time and under the same deposition conditions with 
CoO thickness being the only parameter. The NiFe was de- 
posited in a magnetic field to induce an uniaxial anisotropy. 
We used the geometry of FM layer grown on top of the AF 
layer, so that the exchange field would saturate at low tem- 
peratures to reveal its dependence on the AF layer 
thickness.12 

In Fig. 1(a), the temperature dependence of the exchange 
field of some representative samples with varying CoO layer 
thickness from 75 to 457 A are shown. As expected, a pla- 
teau in the exchange field is observed at low temperatures 
whose value is intrinsic, for this bilayer geometry, to a spe- 
cific AF layer thickness. The results for tAF> 100 Ä clearly 
show an increase in the exchange field as the CoO thickness 
is reduced. The values of HE vanish essentially at 291 K, the 
Neel temperature of bulk CoO. As shown in Fig. 1(b), the 
coercivity (Hc) has a quasilinear temperature dependence, 
decreasing to the intrinsic Hc of permalloy at approximately 
291 K. The exchange fields at low temperatures, represented 
by the values at 80 K are shown as a function of the CoO 
layer thickness in Fig. 2. The results can be best described by 
1//AF shown as the dashed curve. It should be noted that this 
relation holds only at low temperature where HE is not tem- 
perature dependent. At a high temperature, where HE has a 
strong temperature dependence, the HE values do not give 

0021 -8979/98/83(11 )/6822/3/$15.00 6822 1998 American Institute of Physics 
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FIG. 1. Temperature dependence of (a) exchange field HE and (b) coercivity 
Hc of representative samples of 300 A NiFe/x Ä CoO/300 ÄCu with CoO 
thickness from 75 to 457 Ä. 

meaningful thickness dependence. For example, if one uses 
the exchange field values at 250 K, one would give a totally 
different thickness dependence from that at 80 K, as shown 
in Fig. 2. These results clearly demonstrate the dependence 
of exchange coupling on tAF in the thickness range of tAV 

> 100 A, where TN remains unchanged. 
The results in Fig. 2 are rather unexpected and signifi- 

cant because it illustrates that the exchange coupling in a 
FM/AF bilayer involves more than just the interfacial spins 
in the FM and AF layers. To elaborate the argument, con- 
sider the ideal interface model as originally suggested by 
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FIG. 2. The values of exchange field HE measured at 80 and 250 K for 
300 Ä NiFe/x Ä CoO/300 Ä Cu as a function of the CoO layer thickness. 
The dashed line for the data at 80 K is 1/?»F. 
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FIG. 3. Temperature dependence of exchange field HE of 300 Ä NiFeAt . 
CoO/300 Ä Cu with CoO thickness from 20 to 256 Ä. 

Meiklejohn and Bean,1 where the exchange coupling be- 
tween neighboring spins at the FM/AF interface produces an 
exchange field of the form 

H, 
nJS AF'^FM 

M (1) 
FM'FM 

where SFM and 5AF are the spins of the magnetic moments in 
the FM and AF layers at the interface, MpM and ?FM are the 
magnetization and layer thickness of the FM, respectively, J 
is the spin-spin interaction strength between SFM and SAF 

and n is the number of interactions per unit area with 
strength /. Since only the interfacial FM and AF spins are 
assumed to be involved, the thickness of the AF layer does 
not appear at all. The very fact that HE has a 1/?AF depen- 
dence indicates that this simple model and Eq. (1) require 
modifications. The spin structure and the domain walls of the 
AF layer ultimately influence the exchange field as suggested 
by the recent micromagnetics calculations by Malozemoff,13 

Mauri,14 and Koon.15 

In Fig. 2, the values of HE for AF layers smaller than 
100 Ä have not been included because these results are quali- 
tatively different from those of the thicker layers, and also 
that their HE values do not saturate at 80 K. These features 
are illustrated in Fig. 3 for CoO thicknesses spanning from 
10 to 256 Ä. While the blocking temperature TB of samples 
with ?AF> 100 A remains at the bulk value, TB of the thinner 
samples progressively decreases with tAF. As the layer 
thickness is reduced below 100 Ä, one observes finite-size 
effects of T^,10'11 which is followed by TB. It is interesting 
to compare the finite-size effects of TB measured from ex- 
change bias in NiFe/CoO bilayers, and the finite-size effects 
of TN measured from dc susceptibility measurements using 
CoO/Si02 multilayers. In Fig. 4 the blocking temperatures 
TB (solid squares) obtained from the exchange field tempera- 
ture dependence in Fig. 3 are compared with the Neel tem- 
peratures TN measured by susceptibility in CoO/Si02 

multilayers.11 Both sets of data are in excellent agreement. 
At each thickness, the blocking temperature TB is slightly 
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FIG. 4. Blocking temperature TB (solid squares) of 300 Ä NiFe/x Ä CoO/ 
300 Ä Cu and Neel temperature TN (open circles) of CoO/Si02 multilayers, 
as a function of the CoO layer thickness. The solid line is the finite-size 
scaling relation taken from Ref. 11. 

below TN. This comparison also shows that the dependence 
of exchange bias in the thickness range of rAF< 100 Ä is 
largely effected by finite-size scaling of the AF Neel tem- 
perature. 

To summarize, we have observed dependence of ex- 
change bias on the antiferromagnetic layer thickness tA¥. 
For small values of tAF (< 100 Ä), this is mainly caused by 
the finite-size scaling of TN, whose value always lies 
slightly higher than that of the blocking temperature TB. For 
larger values of ?AF (> 100 Ä), the exchange field has been 

shown to scale inversely with rAF. This suggests that the 
simple picture of interfacial coupling between the FM and 
AF spins be modified to include the spin structure and the 
domain structure within the AF layer. 

This work has been supported under NSF MRSEC Pro- 
gram No. 96-32526 and Grant No. DMR-96-32526. 
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In this study, the magnetic behavior of NiFe/NiO bilayers has been investigated. The relationship 
between the magnetic properties and interfacial interaction has been briefly discussed. Since 
magnetic properties of the bilayers are mainly determined by interfacial magnetic interaction, in this 
article, not only unidirectional interfacial anisotropy has been used to explain exchange field, Hex; 
also, for the first time, uniaxial interfacial anisotropy is introduced to describe interfacial interaction 
affecting the magnetic properties, especially coercivity He of the bilayers. In addition, a model is 
proposed to explain the magnetic behavior of the bilayers. The model has been tested by experiment. 
The experimental results are consistent with the model prediction, and this also confirms the 
assumption that the magnetization of the bilayer reverses by magnetic rotation. © 1998 American 
Institute of Physics. [S0021-8979(98)28411-8] 

The exchange coupling between ferromagnetic (FM) and 
antiferromagnetic (AF) thin films has received increasing at- 
tention because it plays an important role in pinning the fer- 
romagnetic layer in magnetoresistance (MR) heads or spin 
valves.1 In recent years, although extensive works have been 
carried out to study various kinds of exchange coupled 
system,2 the exchange coupling phenomenon is not yet fully 
understood. In particular, the simplest model predicts an ex- 
change coupling Hex typically 100 times greater than that 
observed in experiment. Recently, two models have been 
proposed by Mauri and Malozemofr to quantitatively ex- 
plain this phenomenon. Both theoretical treatments of ex- 
change coupling mechanism predict that the exchange field 
is proportional to 2(AK)m, where A and K are the exchange 
constant and anisotropy of the antiferromagnet, respectively. 
However, neither treatments can account for increased coer- 
civities of the exchange coupled films. In this work, the re- 
lationship of magnetic properties with interfacial interaction 
has been explored, and a model for magnetic behavior of the 
FM/AF bilayers has been proposed and tested. 

Magnetic behavior of the FM/AF bilayer is an interfacial 
phenomenon. It is believed that the magnetic properties of 
the bilayers are determined by interfacial interaction which is 
related to the spin distribution and arrangement at the inter- 
face. The interfacial magnetic interaction is strongly influ- 
enced by interfacial roughness and experimental conditions 
of depositing top FM layer.5'6 Interfacial roughness can pro- 
vide more interfacial contact area and causes greater interfa- 
cial spin dispersion, leading to a higher coercivity of the 
bilayers.6 The interfacial interaction is also greatly dependent 
on experimental conditions.1'5 During sputtering, the incom- 
ing atoms with kinetic energy can disperse interfacial spins 
and promote interfacial interdiffusion. Lower sputtering 
pressure produces more incoming atoms with higher kinetic 

energy which causes more atomic displacement and inter- 
mixing at the interface, which in turn enhances interfacial 
magnetic interaction, causing an increase of He. Similarly, 
substrate heating can promote interdiffusion which can en- 
hance interfacial interaction, causing an increase of He. It is 
possible that, during sputtering deposition of NiFe on NiO, 
Fe atoms may replace some Ni atoms inside the NiO layer 
and on the interface, and O atoms in NiO may diffuse into 
NiFe layer to form a several Ä thickness NiFeO interlayer 
and play a critical role in enhancing interfacial interaction 
between the NiO layer and NiFe layers. To verify this point, 
an interlayer of NiFeO was deposited by rf reactive sputter- 
ing of Ni0 80Fe0 20 target to prepare a multilayer structure of 
NiFe(100 Ä)/NiFeO(f)(400 Ä)/Si. As shown in Table I, the 
6 A interlayer increases the interfacial magnetic interaction 
and causes a great increase of Hex to 108 Oe and He to 58.5 
Oe. However, with an increase of the NiFeO thickness, Both 
Hex and He decrease. This is probably due to the larger 
thickness of NiFeO interlayer causing stronger dispersion of 
its spin configuration and reducing its antiferromagnetism. 
Furthermore, the evidence of interfacial magnetic interaction 
can also come from the fact that the magnetic properties of 
NiFe/NiO bilayers were observed measurement temperature 
dependent. Hex decreases with increasing temperature and 
drops to zero at its blocking temperature TB 175 °C.5 This is 
because, with an increase of temperature, the NiO spins are 
thermally fluctuating especially at the interface and reduce 

TABLE I. Properties of NiFe(100Ä)/NiFeO(r)/NiO(400 Ä) trilayers. 

"'Electronic mail: qianx005@gold.tc.umn.edu 

Sample NiFe(100Ä)/NiFeO(0/ Exchange 
number NiO(400 A)/Si coupling field Coercivity 

Sample 1 t = 0k 40 Oe 10 Oe 
Sample 2 t = 6k 108 Oe 58.5 Oe 
Sample 3 ( = 25 A 60 Oe .     37 Oe 
Sample 4 t = 50Ä 40 Oe 20 Oe 
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FIG. 1. Schematic view of possible domain wall formed by rotating inter- 
facial spins at antiferromagnet together with spins at ferromagnet: (a) with- 
out applying field; (b) with an applying field, the domain wall formed. 

its antiferromagnetism gradually along with its exchange 
coupling to the NiFe layer. Similarly, He greatly decreases 
to 1.6 Oe at TB due to interfacial magnetic interaction (ex- 
change coupling) disappearing at TB. 

Since interfacial magnetic interaction is so important in 
determination of magnetic behavior of the bilayer, for the 
first time, the uniaxial interfacial anisotropy is introduced 
into the following model to explain the magnetic behavior of 
NiFe/NiO bilayers. 

This model is based on two assumptions: (1) the ex- 
change interaction — 27SF-SA at the interface is so strong 
that it bonds interfacial spins together to pin any domain wall 
motion of FM layer so that magnetization reversal of NiFe 
layer can only occur through magnetic rotation and it rotates 
together with interfacial spin at the antiferromagnet. As 
shown in Fig. 1, to minimize the energy, a domain wall 
could be formed in the antiferromagnet, which causes an 
unidirectional interfacial anisotropy and plays the role of de- 
termining the exchange coupling field, Hex. (2) The uniaxial 
interfacial anisotropy Kj (energy per unit interface area) is 
introduced by applied field during deposition and is the same 
as the uniaxial anisotropy Ku (energy per unit volume) of 
NiFe layer. Kj and Ku have the same easy axis which is 
induced by the same applied field during deposition of the 
FM layer on AF layer. Both K, and Ku are key factors to 
control the coercivity, He. Thus, when a magnetic field is 
applied along the easy axis, the total energy of bilayer sys- 
tem is 

£=2(A/01/z(l-cos e) + (K,+ Kut)sml 6 

-HMt cos 0. (1) 

The first term is the energy of domain wall formed by rotat- 
ing interfacial spin at the surface of antiferromagnet. The 
second term is due to uniaxial anisotropy Ku of FM layer and 
uniaxial interfacial anisotropy Kj. The third term is Zeeman 
energy term, t is the thickness of FM layer and 6 is the angle 
of magnetization away from easy axis. 

From Eq. (1), by dEld0=O and d2E/d02^O, it is easy 
to find out that the possible stable angles 0 for magnetization 
are at 0=0° and 0= 180°. Figure 2 is E—0 curve. As we 
can see, without applying field, only one energy well is 
formed at 0=0°, which is stable position for magnetization 
M. However, after applying a negative field H, the energy 
well at 0=0° becomes shallow and another energy well is 
formed at 0= 180°. At a certain field called nucleation field, 
the energy well at 0=0° disappears, meaning 0=0° is no 
longer a stable angle for magnetization. Therefore, magneti- 

► 0 

► e 

H=Hn 

L -►e 

FIG. 2. E—6 curve (a) without applying field, H=0, only one energy well 
is formed at 0=0°, which is stable position for magnetization M; (b) after 
applying a negative field H, the energy well at 0=0° becomes shallow and 
another energy well is formed at 0=180°; (3) at a certain field called 
nucleation field, the energy well at 0=0° disappear. 

zation reversal should occur at the nucleation field, switching 
magnetization direction from 0=0° to 0= 180°, another en- 
ergy stable position. Similarly, mathematically by SEI90 
= 0 and d2E/d02 = O, the nucleation field for magnetization 
reversal are given by 

H0° = - 2 (A K) mIMt - 2 (K,+ Kj )IMt, 

Hmo = 2(AK)m/Mt-2(K,+ Kllt)/Mt. 

The above two formulas can be simplified as 

(4) 

(2) 

(3) 

H0o = — Hex — He, 

M 

Easy Axis Loop 

FIG. 3. Hysteresis loops of the bilayers constructed from the theoretical 
results of the model. 
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H (Oe) 

FIG. 4. Hysteresis loop of the NiFe(100 Ä)/NiO(400 Ä) bilayer where NiFe 
was deposited on NiO at RT: (a) H is parallel to easy axis; (b) H is perpen- 
dicular to easy axis. 

Hm° = Hex — Hc, (5) 

where, Hex = 2(AK)1 I Mt is exchange coupling field; He 
= \(H0° + Hm<,)/2\ = 2(K,+Kut)/Mt = 2KI/Mt + Hk is co- 
ercivity. Here Hk=2kuIM is the anisotropy field of the fer- 
romagnetic layer. In this model, if we apply the field along 
hard axis, the model predicts that the coercivity He = 0, and 
the saturation field Hs, which is equal to the anisotropy field 
Hk, is equal to H0°: Hs = Hk = H0<.. Thus, theoretical hys- 
teresis loops of the bilayers can be constructed as shown in 
Fig. 3. 

To test this model, NiFe(100 Ä)/NiO(400 A) bilayers 
were deposited on Si(100) substrates by rf sputtering and the 
magnetic properties of NiFe/NiO bilayers have been mea- 
sured by vibrating sample magnetometer (VSM). The experi- 
mental data is in good agreement with modeling results. Ei- 
ther Fig. 4 or 5 shows that the anisotropy field Hk 

determined for hard axis histeresis loop is approximately 
equal to the H0°. Table II is the magnetic data extricated 
from hysteresis loops of Figs. 4 and 5. As we can see, the Hk 

is almost equal to H0°, with an error less than 2%. There- 
fore, experimental data is consistent with model results, and 
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TABLE II. The data extricated from Figs. 4 and 5. 

Sample \H„ H„ He Hex Ht 

Sample 1 
Sample 2 

63.7 Oe 
78.3 Oe 

30.8Oe 
0 

16.5 Oe 
39.2 Oe 

47.3 Oe 
39.2 Oe 

65.0 Oe 
78.5 Oe 

thus also confirms our assumption that magnetization rever- 
sal of NiFe/NiO bilayers occurs through rotation. This is 
consistent with torque measurement conducted by Chih- 
Huang Lai7 which suggests that the magnetization process in 
the NiFe coupled to NiO is a pure rotation process. Since 
exchange coupling field Hex is proportional to 2{AK)m, the 
induced domain wall formed in NiO layer by rotating its 
interfacial spins plays the decisive role in determining ex- 
change coupling field, Hex, of bilayers. It is reasonable, the 
wall thickness must be smaller than NiO layer thickness for 
the bilayer to have exchange coupling field Hex. If the in- 
duced domain wall thickness is larger than NiO layer thick- 
ness, the spins of the NiO layer rotate irreversibly, causing 
an increase of He. Nevertheless, it cannot contribute ex- 
change coupling field, Hex. Obviously, only the induced 
domain wall thickness is smaller than NiO layer thickness, 
can the induced domain wall anchor, and couple to the bulk 
of the NiO layer, and play the role in determining Hex. It is 
reported that the NiO layer thickness for NiFe/NiO bilayer 
having exchange coupling field is around 175 Ä.7 In our 
model, the exchange coupling field Hex is predicted to be 
2(AK)m/Mt, depending on domain wall energy in the anti- 
ferromagnet and the thickness of ferromagnet. Hex is pre- 
dicted to decrease with an increase of the thickness of the 
ferromagnet, which is consistent with experimental results.8 

Furthermore, since we have introduced uniaxial interfacial 
anisotropy Kj into the model, this model predicts that coer- 
civity He is 2K,/Mt + Hk, decreasing with an increase of 
thickness of NiFe layer, which has also been confirmed by 
experiments.8 Also this model predicts the smallest He we 
can achieve is uniaxial anisotropy (Hk) of FM layer, which 
is around 4 to 5 Oe for NiFe films. 
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FIG. 5. Hysteresis loop of the NiFe(100 Ä)/NiO(400 Ä) bilayer where NiFe 
was deposited on NiO at a substrate temperature of 300 °C: (a) H is parallel 
to easy axis; (b) H is perpendicular to easy axis. 
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Direct observation of the magnetization reversal of epitaxial NiO/NiFe bilayers grown on (001) 
MgO and on polycrystalline Si substrates was performed by using the magneto-optical indicator film 
technique. It was shown that the unidirectional-axis magnetization reversal proceeds by domain 
nucleation and growth. A new phenomenon, an asymmetry in the activity of the domain nucleation 
centers, has been revealed. Remagnetization of the bilayer is shown to be governed by defect 
structures in the antiferromagnetic layer. © 1998 American Institute of Physics. 
[S0021-8979(98)30311-4] 

Since the discovery of unidirectional anisotropy numer- 
ous investigations of this phenomenon have been carried out 
in ferromagnetic (FM) thin films deposited onto antiferro- 
magnetic (AF) material.2""9 The simplest model, proposed by 
the authors who discovered this phenomenon, incorporates 
an exchange coupling across the flat interface between FM 
and AF spins. Because this model fails to describe the mag- 
nitude of the measured exchange anisotropy field, HE, new 
models have been proposed, involving either planar10 or 
vertical11 domain walls in the AF layer. At present, it is 
established that the exchange shift of the hysteresis loop of a 
thin exchange-biased FM film depends upon the behavior of 
ordered spins in the AF. However, the picture is still not 
entirely clear. 

In particular, it is known that the magnitude of the coer- 
cive force, Hc, of AF/FM bilayers is much greater than the 
coercivity of corresponding "free" FM film.1'8'12 However, 
there is no model describing mechanisms responsible for this 
phenomenon. It is clear that the enhanced coercivity cannot 
be understood in terms of a spin coherent rotation model.1 In 
this case the exchange anisotropy field, HE, leads only to a 
shift in a hysteresis loop. The coercivity of the bilayer re- 
mains equal to the coercivity of the free FM layer. A 
model,10 taking into account the planar domain-wall forma- 
tion in the AF, leads to the same value of Hc for both small 
and large interfacial exchange couplings, and even to low- 
ered Hc for intermediate interfacial coupling magnitude. 

The magnetization reversal of FM films could proceed 
by either domain wall nucleation and motion or by nonuni- 
form spin rotation. These processes should have some fea- 
tures when the FM layer is exchange coupled to the AF 
substrate. These features can be revealed by direct visualiza- 
tion of the magnetization reversal. 

"'Electronic mail: shapiro@enh.nist.gov 
b)Present address: Hewlett-Packard, Mailstop 2U-20, 1501 Page Mill Rd., 

Palo Alto, CA 94304. 
c)Present address: Seagate Technology, 7801 Computer Ave., South, Min- 

neapolis, MN 55435. 

In this paper, we study the magnetization reversal of 
epitaxial NiO/NiFe bilayers grown on both single crystal 
(001) MgO and polycrystalline Si substrates. In addition, the 
behavior of exchange-biased NiO/NiFe bilayers is compared 
with the reversal properties of unbiased NiFe films grown 
without an AF buffer. 

In order to study the magnetization process in epitaxial 
NiO/NiFe bilayers we use the magneto-optical indicator film 
(MOIF) technique.13 The MOIF technique is based on the 
Faraday rotation of linearly polarized light in an indicator 
film, a Bi-substituted iron garnet film with in-plane anisot- 
ropy, which is placed on the sample. The polarized light 
passes through the indicator film and is reflected back by an 
Al underlayer covering the bottom surface of the film, which 
is adjacent to the sample surface. While the light is passing 
through the indicator film its polarization experiences a Far- 
aday rotation through an angle proportional to the compo- 
nent of the local magnetic field parallel to the light propaga- 
tion direction. The transmitted intensity of the reflected beam 
through an analyzing polarizer varies with the local field in 
the light path. The bright or dark variations of the image 
represent the variations of the perpendicular stray field com- 
ponent. The resulting real time Faraday portrait of the sam- 
ple's stray magnetic fields presents the information about the 
static or dynamical domain structure as well as the defects of 
crystal structure which affect the spin distribution in the 
sample. The macroscopic hysteresis loops of the films were 
measured with a vibrating sample magnetometer. In addition, 
optical reflecting microscopy and a photoelasticity method 
were used to reveal defects in the thin films. 

The NiO(500 Ä)/NiFe(100 Ä) bilayers were grown in a 
deposition system using ion beam sputtering onto the single 
crystal (001) MgO and polycrystalline Si substrates.12 

NiFe(500 Ä) films grown onto (001) MgO or onto Si without 
NiO buffers were also prepared. Both uniaxial (in NiFe) and 
unidirectional (in NiO/NiFe) anisotropy were established 
during deposition by means of permanent magnets which 
produced a 300 Oe uniform bias field in the plane of the 
substrate. 

0021 -8979/98/83(11 )/6828/3/$15.00 6828 © 1998 American Institute of Physics 
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FIG. 1. Hysteresis loop (a) and MOIF images of domain structure (b)-(h) 
taken during magnetization reversal of a single-crystal NiO/NiFe bilayer 
along the [110] unidirectional axis (b)-(e) and in the opposite direction 
(f)-(h). (b)-(h) are domain structures in the same exact area of the sample 
and correspond to the conditions indicated by the circles labeled by the same 
letters on the hysteresis loop in (a). Arrows indicate magnetization direc- 
tions in domains. 

The hysteresis loop and MOIF images of domain struc- 
ture observed during the magnetization reversal of the NiO/ 
NiFe bilayer grown on the (001) MgO substrate are shown in 
Fig. 1. The magnetic field was applied along the [110] direc- 
tion or along the reversed one. The [110] direction coincides 
with the direction of a magnetic field applied during the bi- 
layer growth. Letters on the hysteresis loop refer to the con- 
ditions of the corresponding MOIF patterns. The hysteresis 
loop exhibits an exchange shift (HE=35 Oe) and substantial 
coercivity (Hc = 40Oe). The MOIF patterns display the 
magnetization reversal of the bilayer proceeds by nucleation 
and subsequent growth of domains with new magnetization 
orientations. Moreover, when the magnetic field is aligned 
along the unidirectional anisotropy axis, the nucleation of 
domains occurs in central regions of the field of view at 
some defects [Fig. 1(b)]. However, when the field is aligned 
in the opposite direction, the domain nucleation starts at 
other centers [Fig. 1(f)]. Former centers play no role in the 
nucleation and, moreover, the reversal is finished in their 
vicinity [Fig. 1(h)]. Thus, we demonstrate the existence of a 
new phenomenon, a field asymmetry in the activity of the 
domain nucleation centers. 

In the above particular case we do not know what kind 
of defects play a role as domain nucleation centers. There- 
fore, we studied crystals of the NiFe and of the NiO/NiFe 

FIG. 2. (a),(b) MOIF images of domain structure in a deformed unbiased 
epitaxial NiFe(OOl) film created during remagnetization along the [110] 
easy axis. H (applied field) = -2 Oe and +2 Oe in (a) and (b), respectively. 
Arrows indicate the magnetization directions in domains parallel and anti- 
parallel to the applied field. (c),(d) Domain structure in the deformed part of 
the epitaxial NiO/NiFe(001) bilayer during the [110] unidirectional-axis re- 
magnetization (corresponds to the right-hand branch of the hysteresis loop 
in Fig. 1(a). The arrow indicates the direction of the unidirectional axis and 
of the applied field. #=+24 0e (c) and +28 0e (d). (e) Surface steps 
associated with screw dislocation slip planes revealed in a reflected light at 
the NiFe surface in the NiO/NiFe bilayer. (f) Microstress fields caused by 
the slip planes of the edge dislocations revealed by a photoelasticity method 
(Ref. 14). All images are of the same magnification. 

bilayers containing dislocations (Fig. 2). These films were 
grown onto the MgO substrates plastically deformed during 
cleaving into small pieces prior to the deposition. Figure 2(e) 
shows NiFe surface steps associated with the intersection of 
screw dislocation slip planes with the sample surface, are 
revealed in reflected light on the NiFe/NiO bilayer. Figure 
2(f) shows contrast from microstresses surrounding edge dis- 
locations in the same bilayer, as revealed by a photoelasticity 
method.14 

The easy-axis hysteresis loop of free NiFe layer (grown 
on MgO without a NiO buffer) demonstrated no shift, and its 
coercive force was very small (~2 Oe). We did not observe 
any dislocation influence on the domain nucleation in these 
free NiFe films. This is due to almost zero permalloy mag- 
netostrictive constants. There was also no field asymmetry in 
the domain nucleation. Domains nucleate and disappear at 
film edges for both field directions parallel to the easy axis 
due to the edge stray field. The magnetization reversal pro- 
ceeds by means of motion of almost rectilinear domain walls 
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FIG. 3. Hysteresis loop (a) and MOIF patterns showing the domain structure 
(b)-(d) of the NiO/NiFe bilayer when it is remagnetized perpendicular to 
the [110] unidirectional axis. The applied field direction is indicated by the 
arrow. All images are of the same exact sample area. 

over the whole sample [Figs. 2(a) and 2(b)]. Though these 
particular patterns were obtained for the 500 Ä thickness 
sample, such a behavior is typical for free FM films with 
different thicknesses.15 

In contrast, a surprisingly strong influence of disloca- 
tions on the spin rotation and on the domain nucleation was 
revealed in NiO/NiFe bilayers [Figs. 2(c) and 2(d)]. It is 
important to note that domains nucleate not only around 
screw dislocation slip planes (which could create the NiFe 
magnetization frustrations at the NiO/NiFe interface steps), 
but also around edge dislocation slip planes. Actually, edge 
dislocations do not form steps on the interface boundary; 
their effect is only due to internal stress fields around the 
dislocation. These stress fields only affect the spin orienta- 
tion in the antiferromagnet since the permalloy magnetostric- 
tion is extremely small. 

A very important conclusion can be made from the 
analysis of the above data. Dislocations in the NiO/NiFe bi- 
layer influence primarily the spin configuration of the AF 
layer. The spin behavior in the FM layer is affected only 
through its interaction with the AF layer. 

Domain structures observed during the [110] hard-axis 
magnetization reversal of the plastically deformed NiO/NiFe 
bilayer are shown in Fig. 3. The hysteresis loop [Fig. 3(a)] 
has a symmetric shape and demonstrates a very small coer- 
civity. In this case the magnetization reversal proceeds pri- 
marily by the incoherent rotation of magnetization vectors. 
However, an unusual nucleation of domains has also been 
revealed in the vicinity of dislocation slip lines. Figures 3(c) 
and 3(d) demonstrate how elongated domains arise along 
screw and edge dislocation slip planes. 

For comparison, Fig. 4 shows typical domain structures 
for a polycrystalline NiO/NiFe bilayer (a) and for a polycrys- 
talline free NiFe film (b) grown on Si. The magnetic field 
was applied along the unidirectional and along the easy axis, 

FIG. 4. Domain structure in a polycrystalline NiO/NiFe bilayer (a) and in a 
NiFe film (b) grown on Si. Both images are of the same magnification 
(X45). The magnetic field is applied along the unidirectional and easy axes, 
respectively. These directions are also, respectively, parallel to the vertical 
frame of the MOIF pattern. 

respectively. Similar to the above results, imperfections in 
the NiO crucially affect the domain structure of the bilayer. 
As a result, the bilayer displays a complicated fine-scaled 
domain structure [Fig. 4(a)]. In contrast, in the polycrystal- 
line NiFe film grown on Si without NiO buffer, the domain 
structure is simpler and the remagnetization proceeds by the 
motion of almost rectilinear domain walls with cross ties 
over large distances [Fig. 4(b)]. 

In conclusion, we have shown that the domain nucle- 
ation and propagation process is responsible for the magne- 
tization reversal in thin-film NiO/NiFe bilayers. This implies 
that the model of the bilayer hysteresis behavior proposed in 
Ref. 2 should be extended by consideration of two- 
dimensional inhomogeneities in the AF spin distribution. 
Preliminary analysis shows that both exchange biasing and 
enhanced coercivity of the AF/FM bilayer as compared to a 
free FM layer can be explained in terms of the extended 
model in a unique manner. Calculations supporting the above 
suggested mechanism will be published elsewhere. 
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A spin-polarized scanning tunneling microscope (STM) using a GaAs tip has been studied to 
observe the magnetization with nanoscale resolution for a sample magnetized in the plane of the 
film. A STM image of Si(l 11) 7 X 7 surface reconstruction using the GaAs tip was observed clearly 
under ultra-high-vacuum conditions. We found that the cleaved GaAs tip has a capability of high 
atomic resolution. Next, circularly polarized light irradiated the GaAs tip, and the I-V 
characteristics were measured for magnetic Ni80Fe20 and nonmagnetic Au samples. Changes in the 
tunneling current, which is estimated to be approximately 7%, were observed only for the NiFe 
sample under the circularly polarized light irradiation. It suggests that the change in the tunneling 
current is due to the spin-polarized tunneling from the GaAs tip to the NiFe. © 1998 American 
Institute of Physics. [S0021-8979(98)47711-9] 

I. INTRODUCTION 

Magnetic recording densities are rapidly increasing. A 
technique for observing the actual magnetization is required 
to establish a higher density magnetic recording technique. A 
spin-polarized scanning tunneling microscope (SP-STM) of- 
fers the capability of measuring magnetization at the atomic 
scale, and has already been studied by some groups.1"4 How- 
ever, these previous studies used magnetic material tips, 
which might change the magnetization of the sample. We 
considered GaAs to be suitable for the tip of the SP-STM 
because of the polarized electron source by circularly polar- 
ized light5 and the nonmagnetic material. Recently, Prins 
et al.6 detected a spin-polarized tunneling current by using a 
GaAs tip and vertically magnetized Co film. They irradiated 
laser light to the GaAs tip through a thin Co film. This ex- 
perimental system is suited for measuring vertically magne- 
tized films. However, the sample condition is very severe, as 
it should be a thin, vertically magnetized film. We propose a 
SP-STM using a GaAs tip to observe the in-plane magne- 
tized film. In our experimental system, the laser radiation 
irradiating the GaAs tip is transmitted parallel to the sample 
film surface. In this paper, we reported on our observation of 
STM images using the GaAs tip and we attempted to detect 
spin-polarized tunneling by measuring the I-V characteris- 
tics of the GaAs tip and the NigoFe2o- 

II. EXPERIMENT 

An UHV-STM (JEOL:4500XT) system was used in our 
experiments. Figure 1 shows our experimental setup. An ul- 

trahigh vacuum below the 10"8 Pa range was maintained 
inside the STM chamber. We used a semiconductor laser 
with a wavelength of 831 nm. Circularly polarized light was 
produced by combining this laser, a Pockels cell, and a X/4 
plate. The laser radiation was vertically irradiated to the tip 
through the viewing port. The laser power before passing 
through the viewing port was 16 mW. Since the semiconduc- 
tor laser was invisible, we used a HeNe laser to accurately 
adjust the optical pass to the sample in parallel. In our UHV- 
STM system, the sample is biased positively with respect to 
the tip. 

The GaAs tip was fabricated from a (lOO)-type oriented 
wafer doped with Zn (7 X 1017 cm-3) by cleavage in air. 
Figure 2 shows scanning electron microscope (SEM) images 

Laser 
A = 831nmA

rl
/2        Pockels cell 

a'Electronic mail: hkodama@flab.fujitsu.co.jp FIG. 1. Experimental setup. 
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FIG. 2. (a) SEM image of GaAs tip. (b) Enlarged image. 

of the GaAs tip. The wafer corner delimited by the (100), 
(Oil), and (110) planes was used as the tip. Circularly polar- 
ized light was vertically irradiated to the (100) plane. Figure 
2(b) shows an expanded SEM image of the GaAs tip. After 
being cleaved, the tip was transferred to an UHV-STM 
chamber and the chamber was heated at 200 °C for 50 h. 

A magnetic sample of a thin NiFe film (1000 A) and a 
nonmagnetic sample of Au (300 A) were deposited on a 
silicon substrate by ion-beam sputtering, which was not in 
situ with the STM. The samples were transferred into an 
UHV-STM chamber and cleaned by argon ion bombardment 
of 2 keV and 0.8 /nA for 10 min in vacuum below 3.0 
X10"6 Pa. The STM observation showed that the NiFe film 
has grains about 30 nm wide and has 6 nm of corrugation. 
The sample magnetization was measured by using a vibrat- 
ing sample magnetometer, and the coercivity Hc was 1 Oe. 

III. RESULTS AND DISCUSSION 

Figure 3 shows an image of the Si(lll) 7X7 surface 
reconstruction observed with the GaAs tip. The sample bias 
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,# f 
->F 

0.2 0 0.2 

Sample voltage (V) 

0.4 

FIG. 4. I-V curves obtained with GaAs tip on Au thin film under irradia- 
tion by circularly polarized light. Set point current was -0.5 nA at -0.5 V 
for all curves. 

voltage was 1.0 V and the tunneling current was 0.1 nA. The 
structure of the Si(lll) 7X7 was clearly observed. We 
found that the cleaved GaAs tip has the capability of high 
atomic resolution. 

First of all, we were concerned with the thermal expan- 
sion and the distance change of the sample to the tip when 
switching on the circular polarization light. We tried to esti- 
mate the effects of thermal expansion and distance changes 
by using Au as the sample. Figure 4 shows the I-V curves 
obtained with a GaAs tip on thin Au film under circularly 
polarized light irradiation. The I-V curves were measured 
continuously for five times, while irradiating with the left- 
hand circularly polarized light. After switching to the right 
hand, the circularly polarized light and the /- V curves were 
again measured continuously for five times. Switching back 
to the left-hand circularly polarized light, the I-V curves 
were once again measured continuously for five times. The 
set point current and voltage were at - 0.5 nA and - 0.5 V 

FIG. 3. Image of Si( 111)7X7 surface reconstruction observed using the 
GaAs tip. Sample bias voltage was 1.0 V and tunneling current was 0.1 nA. 
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FIG. 5. I-V curves obtained with GaAs tip on NiFe thin film under irra- 
diation by circularly polarized light. Set point current was - 0.5 nA at 
— 0.5 V for all curves. The pumping configuration is shown in the inset. The 
curve of the upper side was irradiation by right-hand circularly polarized 
light. The curve of the lower side was irradiation by left-hand circularly 
polarized light. 
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FIG. 6. Positive bias voltage area of I-V curve of the GaAs tip, NiFe 
sample, and the GaAs tip, Au sample, (a) NiFe-GaAs tip. (b) Au-GaAs tip. 

for all curves. The results show that the effects of thermal 
expansion and distance changes in our system are very small. 

Figure 5 shows the /- V curves obtained with a GaAs tip 
on thin NiFe film while irradiated with circularly polarized 
light. The procedure for this measurement was the same as in 
the Au measurement. In Fig. 5, the upper curve represents 
the case when irradiated by the right-hand circularly polar- 
ized light. The lower curve represents the case when irradi- 
ated by the left-hand circularly polarized light. Figure 6 
shows the expansion chart of the positive bias area of Fig. 4 
for the GaAs tip-Au sample, and Fig. 5 for the GaAs tip— 
NiFe sample. It clearly shows that a tunneling current change 
was observed only in the NiFe sample. The change in tun- 
neling current at only the positive bias voltage area suggests 
the occurrence of spin-polarized tunneling, because the tun- 
neling current was only observed with the NiFe sample. 

We tried to estimate the current variation Pc from Fig. 
6(a), as 

P, = - (1) 

Pc was estimated to be about 7% from Eq. (1). Here, IL is 
the tunneling current for the left-hand circularly polarized 
light irradiation, and IR is the tunneling current for the right- 
hand circularly polarized light irradiation. The theoretical 
polarization of GaAs (PGaAs) is 50%.5 The spin polarization 
of NiFe (PNiFe) is about 30%.7 This value is measured by the 
spin-polarized tunneling technique using a thin-film 
Al-Al203-ferromagnetic-alloy tunnel junction. When this 
value is assumed, the theoretical maximum of variations in 
the current ratio (Pc max) is defined as 

x—-P GaAs X^ NiFe-" 0.5X0.3 — 0.15, (2) 

and is about 15%. The Pc values in our experiment were 
about half the theoretical value. We consider that the varia- 
tion current ratio of 7% is good for an initial attempt, be- 
cause 15% is the ideal case. The difference between 15% and 
7% shows the issue of the surface of GaAs and the spin- 
relaxation time of the carrier. Furthermore, we tried to in- 
crease the Pc value up to 15% using surface treatments and 
other techniques. 

IV. CONCLUSION 

This paper reports on observations of UHV-STM images 
using a GaAs tip. The structure of Si(lll) 7X7 was clearly 
observed. We found that the cleaved GaAs tip has the capa- 
bility of high atomic resolution. We proposed a SP-STM 
system that is suitable for observing in-plane magnetized 
film. An experimental system was developed in which the 
laser radiation for irradiating the GaAs tip is transmitted par- 
allel to the film surface. Circularly polarized light irradiated 
the GaAs tip, and we measured the I-V characteristics of 
magnetic NiFe samples and of nonmagnetic Au samples. As 
a result, changes in the tunneling current were observed only 
when the sample was the magnetic NiFe material. This phe- 
nomenon suggests that spin-polarized tunneling was ob- 
served because the tunneling current change occurred only 
with the magnetic NiFe sample. 
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Near field magneto-optical images of magnetic domains in ferromagnetic soft garnet films have 
been obtained with a scanning tunneling optical microscope working in total reflection geometry 
with shear-force control of the tip-to-sample distance. In this geometry a magneto-optical contrast 
is observed for the first time between domains of opposite magnetization without using modulation 
techniques. When applying a static or alternating external magnetic field, the magneto-optical 
images provide the location of domain wall pinning points. © 1998 American Institute of Physics. 
[S0021-8979(98)28511-2] 

I. INTRODUCTION 

Near-field optics promises to be a powerful technique for 
magnetic domain imaging with submicronic resolution. Nev- 
ertheless, only few experiments have demonstrated such 
capabilities1"3 and in the total internal reflection geometry 
[the so-called scanning tunneling optical microscopy 
(STOM) configuration]4 domain visualization has been ob- 
tained only by indirect magneto-optical (MO) observation of 
domain wall motion in a soft ferromagnet.5 

In the present article, we show that, thanks to the polar- 
ization properties of the optical fiber tips that we prepare 
(Sec. II), near-field MO contrast between domains of oppo- 
site magnetization may be obtained in the STOM configura- 
tion without using modulation techniques (Sec. III). The MO 
images presented here provide evidence for domain wall pin- 
ning by application of either static (Sec. Ill) or alternating 
(Sec. IV) external magnetic fields. 

II. EXPERIMENTAL SETUP 

A schematic view of the STOM setup that was con- 
structed is drawn in Fig. 1. The sample is deposited on the 
external face of a semicylindrical prism illuminated by lin- 
early s -polarized light (wavelength \ = 647nm) at an inci- 
dent angle beyond the limit of total internal reflection. The 
evanescent light is collected close to the sample surface by 
the tip of a tapered monomode optical fiber and guided to a 
photomultiplier tube (PMT) equipped with a polarization 
analyzer. The fiber is attached to a dither piezoelectric tube 
used for shear-force tip-to-sample separation control. The 
dither tube is in turn attached to a five-electrode piezo tube 
which allows fine x, y, and z motions of the tip while larger- 
scale motion of the microscope head is provided by a micro- 
metric mechanical stage. A small coil surrounding the tip is 
used to apply an external magnetic field perpendicular to the 
film plane (i.e., parallel to the easy-magnetization axis of the 
sample) to change the magnetic structure of the sample. 

"'Electronic mail: pb@pmc.polytechnique.fr 
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The tip-to-sample separation is regulated by a novel 
shear-force detection technique. An ac voltage is applied to 
the dither piezo tube at a resonant vibration frequency of the 
fiber. The impedance variation of the piezo tube at this fre- 
quency is measured with a Wheatstone-type bridge via a 
lock-in amplifier. When the tip approaches the surface, the 
oscillation amplitude of the fiber decreases due to shear-force 
interactions and an impedance change of the piezo oscillator 
is detected. The related variation of the lock-in amplifier out- 
put signal is used in a feedback loop to control the tip-to- 
sample distance. This provides the topography of the surface 
independently and concurrently to the optical image, which 
is essential for the interpretation of the near-field optical con- 
trast. Our shear-force measurement is comparable with sev- 
eral other electrical detection techniques recently 
proposed6"9 and provides many advantages when compared 
to standard optical detection techniques.10'11 It is easy and 
fast to set up as no tedious optics alignment is required. 
Scanning the tip over the surface does not change the mea- 
surement. The signal-to-noise ratio is high (better than 1000 
in a 25 Hz bandwidth). The free space available around the 
tip is used to set the magnetic coil. 
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FIG. 1. Schematics of the scanning optical microscope setup. 
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Since the measurement of small MO effects requires a 
high degree of polarization sensitivity and a high collection 
efficiency, which both crucially depend on the tip condition, 
we have developed a fiber-pulling apparatus with a novel 
soft multiple-step procedure which strongly contrasts with 
the commonly used two-step fabrication process.12 A weak 
pulling force is applied to the fiber during the whole process. 
A step-by-step taper of the fiber is provided by pulsed op- 
eration of a C02 laser (Synrad E-48-1) power stabilized by a 
homemade additional supply of the rf drive. The small elon- 
gation produced by each pulse is measured. This value is 
used to define the time width of the following laser shot. 
Between two subsequent pulses a time delay is provided to 
cool down the fiber. After about one hundred of these pulse- 
and-cool-down sequences, the diameter of the fiber taper 
neck is reduced (by about 1 /mi steps) from 125 to nearly 8 
/Ltm. For the final tip formation a last laser shot is applied 
with only the weak pulling force previously mentioned and 
switched off when a specified fiber drawing speed is reached. 
This procedure permits control of the tip geometry and is 
used to create single-cone-shape tips with typical angles of 
25°. This provides good mechanical properties for shear- 
force measurements and high light-collection efficiency. 
Shear-force and optical lateral resolutions better than 50 nm 
are achieved with these tips. From near-field optical mea- 
surements performed on a bare prism with polarized light, 
the tips exhibit characteristic collection properties of a di- 
polelike near-field probe.5 Collection efficiency in the sur- 
face plane is isotropic and extinction ratios as high as 1000:1 
are reproducibly achieved for both s- and p -polarized light. 

III. NEAR-FIELD MO IMAGING OF DOMAINS 

The sample that we have studied is a l-/tm-fhick single- 
crystal ferromagnetic garnet film grown on a garnet (GGG) 
substrate. Its magnetic properties are well known.13 This gar- 
net is a soft ferromagnet with a saturation magnetic field Hs 

of a few Oe. The magnetic domain size is on the order of 4 
fim and the easy-magnetization direction is perpendicular to 
the film plane. We denote <p as the angle between the ana- 
lyzer and the incident light polarization. In the small Faraday 
rotation limit (tan {dp^Op) and assuming zero ellipticity, the 
intensity I(q>) collected above the surface in near field is 

/(<p)=/(0)[cos2(<p)+6£ sin2(<p)+6>F sin(2<p)].       (1) 

The sign of 6F changes with the sign of the magnetization 
leading to a MO contrast between two domains of opposite 
magnetizations equal to Al(<p) — 20F sin(2<p)/(0). 

Figure 2(a) represents the shear-force topographic image 
of a 17 fimX 17 /urn area of the sample surface. The surface 
roughness is a fraction of nanometer and the topographic 
image does not show any particular structure except a small 
defect of 400 nm lateral size and 10 nm height. Figure 2(b) 
shows the near-field MO image of the same area as Fig. 2(a), 
recorded simultaneously, and corresponding to I(cp) for <p 
=»85°. There is no external magnetic field and the scanning 
frequency is 4 Hz. A strong contrast between domains of 
opposite magnetizations is observed, which we checked to be 
reversible by inverting the polarization-analysis angle (p. 

Figure 3(b) shows a 2.4/imX2.4/mi MO image re- 

Sum 
FIG. 2. Image (a) is a 17 /xmX 17 fim shear-force topographic image of a 
garnet film surface. The other images are near-field MO images of the same 
sample area measured with a constant external magnetic field equal succes- 
sively to (b) 0%, (c) 39%, (d) 47%, and (e) 55% of Hs. The last near-field 
MO image (f) is taken when the external magnetic field is reset to zero. 

corded in the vicinity of a domain wall. The curve plotted in 
Fig. 3(a) corresponds to the profile of /(<p)//(0) along the 
horizontal line in Fig. 3(b) indicated by the arrow. As can be 
seen, the full grey scale of the image represents a few tenth 
of a percent of 7(0). The MO contrast of 2X 10"3, with a 
signal-to-noise ratio larger than 5, corresponds to a Faraday 
rotation 0F«=O.3°. The apparent width of the domain wall is 
0.3 fim. This value is somewhat larger than the ones usually 
quoted.13 This is possibly due to the thickness of our sample 
(«2 /tm). Finally, the domain wall shape does not appear to 
be uniform at the submicron scale. 

When an external constant magnetic field is applied, the 
relative size and morphology of the magnetic domains 
change by motion of the domain walls. The size of the do- 
mains with magnetization parallel to the field (bright areas) 
increases while the size of the domains with opposite mag- 
netization (dark areas) is reduced. This is illustrated in Figs. 
2(c)-2(e) which have been obtained in external magnetic 
fields equal to 39%, 47%, and 55% of//,, respectively. Two 
regimes are clearly identified during this process. The first 
occurs between Figs. 2(b) and 2(c), where magnetization re- 
versal mainly changes the width of the domains without 
modifying the general domain configuration. The second re- 
gime is observed between Figs. 2(c) and 2(e). After the do- 
main width has reached a minimum critical value measured 

FIG. 3. The left-hand view is the profile of the near-field optical signal 
7(<p)//(0) corresponding to the line indicated by the black arrow of the 
2.4 /u,mX2.4 (im right-hand near-field MO image. Submicron structures 
along the domain wall are observed. 
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FIG. 4. The images (a) and (b) are obtained simultaneously on a 
14 /anX14 [xm area of the garnet film. They are recorded (a) without and 
(b) with an alternative external magnetic field. The contrasted lines in view 
(b) are related to the domain wall motion induced by the magnetic field 
modulation. 

to be 1.3 yam, the reversal of magnetization is mainly gov- 
erned by domain shortening and/or collapse. The end of the 
black stripe domains appears in the image area before one 
domain is swept out of the scanned area. 

Moreover one clearly sees that the defect observed in 
Fig. 2(a) pins a domain wall. Indeed, except in Fig. 2(e), i.e., 
close to the saturation of the sample magnetization, a domain 
wall is always near the defect. Images, not presented here, 
have been recorded at intermediate field values between 
those of Figs. 2(c) and 2(e). These additional images show 
that the end of the right-hand dark stripe domain moves with 
increasing magnetic field until it reaches the defect. From 
this stage, when the external magnetic field is increased from 
47% to 53% of 77s, the left-hand dark domain termination 
still moves over 6 /j,m while the right-hand dark domain 
termination remains pinned on the defect. The right-hand 
dark domain jumps then out of the image for a very small 
additional increase of the magnetic field value from 53% to 
57% of Hs. Finally, when the magnetic field is reset to zero 
as in Fig. 2(f), a new domain wall is again pinned on the 
same defect, although the domains configuration is different 
from the one existing before the large field application. This 
observation is reproducible with multiple magnetization 
cycles. 

IV. NEAR-FIELD MO IMAGING OF DOMAIN WALLS 

It has already been shown that applying an alternating 
magnetic field of amplitude much smaller than Hs causes a 
domain wall to oscillate around its location in zero external 
magnetic field.5 In the area where this motion takes place, 
the magnetization is periodically flipped and results in a MO 
modulation A7(<p) of 7(<p). Elsewhere, inside the domains, 
the magnetization is not modified and I(q>) is constant 
[A/(ip) = 0]. Displaying A/(<p) through lock-in detection, 
images exhibit contrasted regions which correspond to the 
wall motion. 

Figure 4 presents two images recorded on the same 
14/imX14/Lim sample area. On Fig. 4(a), 7(85°) is dis- 
played without external magnetic field according to the static 
procedure described in Sec. Ill and Fig. 4(b) is obtained from 
A7(45°) for an alternating field with an amplitude of a few 
percents of Hs. The magnetic field modulation frequency is 

511 Hz. Several modulation frequencies from 80 Hz to 2 
kHz have also been used without any change in the images. 
In both images the contrast of the MO signal can be reversed 
by changing the sign of <p. As expected, the contrasted areas 
in Fig. 4(b) coincide with the boundaries between domains 
of opposite magnetization in Fig. 4(a). However some of the 
domain walls in Fig. 4(b) exhibit discontinuities where 
A/(<p) = 0. These contrastless areas correspond to static 
points of the walls that we interpret as pinning points. It is 
very important to note that these points cannot be observed 
either in the zero magnetic field MO image of Fig. 4(a) or in 
the topographic image of the surface (which is not repro- 
duced here). 

V. CONCLUSION 

In summary we have demonstrated in Sec. Ill the possi- 
bility to image magnetic domains in the STOM geometry 
with polarizer and analyzer almost crossed without using any 
modulation technique. A high MO contrast between domains 
of opposite magnetizations is obtained with quite large 
signal-to-noise ratio for Faraday rotations of about 0.3°. Fine 
features of the domain wall shape are shown. The MO im- 
ages, obtained by application of static (Sec. Ill) or alternating 
(Sec. IV) external magnetic fields, allow to identify two 
types of domain wall pinning defects, respectively, corre- 
lated or uncorrelated with topographic structures. The results 
presented here are very promising for high resolution MO 
imaging of ultrathin (a few tens of nm) metallic magnetic 
multilayer films with similar Faraday rotations. Moreover the 
oblique incident angle in total reflection geometry should 
permit near-field MO imaging of domains not only in mate- 
rials with perpendicular magnetic anisotropy but also with 
in-plane magnetization. 
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Induction mapping of magnetostrictive materials 
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An energy-filtered magnetic induction mapping technique has been implemented on a JEOL 
4000EX equipped with a Gatan imaging filter. A study of the magnetic domain structure in 
Terfenol-D, a magnetostrictive actuator material, is presented as an example application of the 
technique. The method is equivalent to differential phase contrast microscopy by the reciprocity 
theorem. Image simulations of all stages of the induction mapping process are shown to support 
these observations.   © 1998 American Institute of Physics. [S0021-8979(98)47811-3] 

INTRODUCTION 

There is a growing interest in both room-temperature 
and very-low-temperature magnetostrictive actuator materi- 
als. Terfenol-D, a rare-earth transition-metal magnet, pos- 
sesses a room-temperature magnetostrictive strain of about 
0.2%, the largest known.2 Ni2MnGa exhibits large magneto- 
strictive strains, which arise from a magnetically induced 
martensitic transformation in a temperature range near room 
temperature.3 Polycrystalline rare-earth low-temperature 
magnets have recently been shown to retain a significant 
fraction of the magnetostriction of the single crystals, and are 
considerably less expensive to produce.4 Determination of 
the fine scale magnetic structure is essential for prediction of, 
among other things, the bulk magnetostrictive strains. In ad- 
dition, since virtually all engineering parameters of these ma- 
terials are directly affected by microstructural features, the 
nature of these materials makes it necessary to closely com- 
bine the study of magnetic structure and microstructure. Lor- 
entz microscopy, in particular, the Fresnel and Foucault ob- 
servation modes,5 has for several decades been the dominant 
observation technique for qualitative magnetic domain ob- 
servations. 

The decreasing length scale of modern electronic and 
magnetic devices must be accompanied by improvements in 
the observation techniques used to study their micro- and 
nanostructures. The low-field sample environment and con- 
sequent increase in the focal length of the objective lens 
required for Lorentz microscopy results in a reduced final 
image magnification as compared to that of conventional 
transmission electron microscopy (TEM). This represents a 
serious limitation in the quantitative study of nanoscale mag- 
netic structures. Furthermore, inelastic scattering in the 
sample contributes noise to the images, which further limits 
the attainable resolution of the standard Lorentz modes. 

There are very few techniques capable of producing di- 
rect maps of the (in-plane) magnetic induction in a thin foil. 
Differential phase contrast (DPC) microscopy in a scanning 
TEM7 is perhaps the most successful method, but it requires 
the installation of descanning coils and a four-quadrant de- 

''Electronic mail: degraef@cmu.edu 

tector, which are not accessible in the average research labo- 
ratory. For this method, the descanning coils are aligned such 
that any tilt of the beam arising from the scanning coils is 
compensated for at the plane of the quadrant detector so that 
any remaining shift of the beam over the detector is due to 
the Lorentz deflection. The magnitude of this deflection is 
measured as the difference signal from opposite quadrants of 
the detector and can be directly related to the components of 
the magnetic induction in two orthogonal directions ± U and 
± V. A technique equivalent to DPC by the reciprocity theo- 
rem for the TEM was proposed and implemented by Daykin 
and Petford-Long.8 This induction mapping technique has 
been adapted to the 4000EX+GIF (Gatan imaging filter) 
combination, the method has been applied to the Terfenol-D 
system, and simulation algorithms have been created for the 
mapping technique. 

EXPERIMENTAL METHODS 

This article presents a summary of energy-filtered Lor- 
entz observations of the Terfenol-D system. A Lorentz mi- 
croscopy setup, which combines a high-resolution top-entry 
JEOL 4000EX TEM with a postcolumn GIF, has been pre- 
viously reported.6 With the main objective lens turned off, 
the sample is mounted in an essentially field-free region. The 
objective minilens, which sits below the plane of the speci- 
men, provides sufficient field strength to focus the electrons 
into a diffraction pattern at the selected area aperture plane, 
thus providing Fresnel and Foucault observation modes. The 
energy filter provides an additional magnification of approxi- 
mately 20 X, and allows for the acquisition of zero-loss im- 
ages, increasing the signal-to-noise ratio by at least an order 
of magnitude.6 The magnetic resolution of this system is bet- 
ter than 5 nm. 

All images in this paper were obtained from a thin foil of 
Terfenol-D, or Tb073Dy027Fe195, which has a cubic Laves 
phase structure (a = 0.732nm).9 Single-crystal rods of 
Terfenol-D with [211] growth direction were obtained from 
Etrema, Inc. These were oriented by reflection Laue diffrac- 
tion and cut into disks with [Oil] foil normal. Dimpled disks 
were then jet thinned in a chilled solution of 10% perchloric/ 
90% acetic acid and ion milled for several hours with 4.5 kV 
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FIG. 1. Foucault image of a representative magnetic domain structure in 

Terfenol-D. This region is used in the induction maps of Fig. 2. 

Ar+ ions until electron transparent. For a detailed description 
of the microstructure of this material the reader is referred to 
Refs. 10, 11, and 6. Figure 1 shows a Foucault image of a 
characteristic lamellar domain arrangement. This area of the 
sample is used throughout the paper to illustrate the methods. 

Magnetic induction mapping in the TEM was first intro- 
duced in Ref. 8 and adapted to the 4000EX+GIF combina- 
tion in Ref. 6. A converged incident beam, with beam diver- 
gence angle 9C, illuminates the region of interest on the 
sample. A small aperture truncates the transmitted beam in 
the back focal plane of the objective minilens and beam tilts 
are provided through the postspecimen image shift coils. The 
beam is tilted and images obtained with consecutive tilts are 
added together (approximating an integral with respect to 
beam tilt) and constitute the equivalent of the quadrant de- 
tector signals in DPC. For full details on the method the 
reader is referred to Ref. 12. 

INDUCTION MAPPING RESULTS 

Figure 2(a) shows four series of zero-loss Foucault im- 
ages (slit width 15 eV), for two orthogonal tilt directions. 
The reader is referred to Ref. 12 for a description of the 
calibration of the tilt directions with respect to the micro- 
structure. After aligning the Foucault images in each series 
they were summed on a per-pixel basis. The sums are shown 
in Fig. 2(b), along with the difference maps. Since the inten- 
sity in the difference map is proportional to the in-plane 
induction component in one of the two orthogonal directions, 
the difference maps can be represented as a single vector 
induction map, as shown in Fig. 2(c). 

Using an image simulation algorithm developed by 
Mansuripur,13 a method similar to standard high-resolution 
simulations has been implemented for the computation of 
magnetic induction tilt series and difference maps for a given 
magnetic structure.12 The results are shown in Fig. 3. The 
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FIG. 2. (a) Foucault images as a function of postspecimen beam tilt for two 
orthogonal tilt directions, (b) Foucault sums and difference maps, (c) Vector 
induction map, created from the energy-filtered difference maps. 

simulations were carried out for a 16 nm domain-wall width 
for the 180° Bloch-type wall, 10 nm for the 71° domain 
walls, a saturation magnetic induction of 1 T, foil thickness 
of 100 nm, beam divergence angle 0e= 1 mrad, a beam tilt 
increment of 3.5 /wad, aperture radius of 0.05 nm"1, and an 
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FIG. 3. Simulated summed tiltseries corresponding to Fig. 2(b); the top part 
of the simulated images is to be compared with the 180° domain-wall in Fig. 
2(b). 

incident beam energy of 400 kV. Tilt directions in the simu- 
lation were taken to be the same as in the experiment. The 
domain-wall profile from the filtered experimentally recon- 
structed map is shown in Fig. 4(a). The reconstructed 180° 
domain-wall width is estimated to be 83 nm, as each pixel 
corresponds to about 4.14 nm. For this case, one tilt direction 
was close to the normal of the domain wall. Figure 4(b) 
shows the simulated reconstructed map and the input profile. 

Good qualitative agreement exists between these sets of 
images, including the presence of a faint bright fringe in the 
experimental ± U sums. The reconstructed vector map com- 
pares favorably with the experimental map in Fig. 2(b), as do 
the domain-wall profiles. 
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Simultaneous magnetoresistance measurements and observation of magnetic domain structures have 
been performed on active spin-valve elements by means of in situ experiments in a Lorentz 
transmission electron microscope. Two different spin-valve structures with NiFe and NiFe/Co sense 
layers have been studied with two sizes of rectangular elements. The effect of different applied 
current values has been analyzed and the addition of a Co layer in the sense layer has a large 
influence on the spin-valve behavior and on the domain structure. Also, two different processes for 
magnetic domain growth and motion have been observed for low or high applied current densities. 
© 1998 American Institute of Physics. [S0021-8979(98)17711-3] 

INTRODUCTION 

Numerous studies on spin-valves (SVs) have been per- 
formed over the past few years motivated by the promising 
use of SV structures in magnetoresistive storage systems.1 A 
very good overview on SV structures and giant magnetore- 
sistance (GMR) has recently been published.2 For a better 
understanding of the micromagnetics of these materials, pre- 
vious studies have been carried out on ferromagnetic (FM) 
thin films objects3 and on SV elements.4 In this article, we 
report on in situ experiments which enabled us to observe, by 
means of Lorentz electron microscopy,5 the magnetic do- 
main evolution of active SV elements, namely, those through 
which different currents are being passed. The goal of this 
study is to analyze the behavior of active SV elements. We 
report results on the effect of the applied current value, the 
effect of the additional Co layer, and also that of the element 
size. 

EXPERIMENTAL DETAILS 

In situ experiments and observations in the Foucault 
mode of Lorentz microscopy were carried out using a modi- 
fied JEOL 4000EX transmission electron microscope (TEM) 
operated at 400 kV and fitted with an AMG40 low-field ob- 
jective lens pole piece. The SVs were deposited on a 40 nm 
alumina membrane by dc magnetron sputtering in a Sput- 
tered Films, Inc. planetary deposition system. A 70 Oe field 
defined the easy axis during deposition. More details on the 
device configuration and fabrication are given elsewhere.6 

The exchange anisotropy is about 500 Oe and the anisotropy 
field varies between 3 and 10 Oe depending on the sense 
layer structure and on the current value. Various currents 
were applied through the SV elements and, by monitoring 
the change in applied field (Ha), the GMR ratio of the 
sample could be plotted using dR/R = (R-RsM)/RSiit. The 
i?sat value corresponds to the parallel state of the magnetic 

moments in the FM layers. The applied field, parallel to the 
easy axis and to the long axis of the elements, was changed 
by 1 Oe every 10 s in order to keep constant any time- 
dependent effects. This configuration has been preferred to 
the most commonly used one in recording applications (ap- 
plied field along the hard axis) because the effects induced 
either by the sense layer structure or by the current density 
are more visible. 

RESULTS AND DISCUSSION 

The different configurations investigated are reported in 
Table I. For each of the samples, we have plotted the GMR 
curves for current values of 0.3, 2, and 3.5 mA during simul- 
taneous observation of the magnetization reversal. Figure 1 
shows the results obtained for samples 1 and 3 {10 fimX30 
fira elements with NiFe [Fig. 1(a)] and NiFe/Co [Fig. 1 (b)] 
sense layers}. One can notice a shift of the curves with re- 
spect to remanence in both cases. This feature is most prob- 
ably a result of FM coupling between the FM layers, mainly 
explained by roughness at the interfaces between the mag- 
netic and nonmagnetic layers. According to the data in Table 
II, higher GMR ratios (in agreement with previous studies7), 
higher FM coupling, and higher coercivity (Hc) of the sense 
layer are observed for sample 3 than for sample 1 due to the 
presence of Co in the sense layer. With a higher current 
through the elements, there is a decrease in the GMR ratios, 
coercivities, and FM coupling in both cases and the slope of 
the GMR curves becomes more abrupt (more particularly for 

TABLE I. Summary of the different configurations investigated. 

Sample Structure 
Thicknesses 

(nm) 
Sizes 

"'Electronic mail: xavier.portier@materials.ox.ac.uk 

1 NiFe/Cu/Co/NiFe/MnNi 8/3/2/6/25 10X30 
2 NiFe/Cu/Co/NiFe/MnNi 8/3/2/6/25 4X10 
3 NiFe/Co/Cu/Co/NiFe/MnNi 6/2/3/2/6/25 10X30 
4 NiFe/Co/Cu/Co/NiFe/MnNi 6/2/3/2/6/25 4X10 

0021 -8979/98/83(11 )/6840/3/$15.00 6840 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Portier et al. 6841 

(a) NiFe 10 nmx30 (J.m 
 6- 

 0.3 mA 
5 - -*-2 mA 

—O— 3.5 mA 

S5 viööo«^^ooooooooc«<a 4- 

■o 3\ 1 *6 
2 

2\l 
 1 1 h 

pi« 

-40 -30 -20 -10 10 20 

lb) NiFe/Co lOj xmx30 |im —'n 
fcs5 ^wxs^ 

g 
a: 

 1  —i —P== 

3 

2 

1 - 

-40 -30 -20 -10 0 10 20 

Field (Oe) 

l2l II 

FIG. 1. (a), (b) Plots of GMR curves vs applied field for samples 1 and 3, 
respectively, and for current values of 0.3, 2, and 3.5 mA. The numbers in 
(a) refer to the Foucault images in (c) and (d) showing the evolution of the 
domain structure of sample 1 during the P-AP transition for current values 
of 0.3 and 3.5 mA, respectively. The applied field is pointing down verti- 
cally and the easy axis is in the opposite direction. Contacts are on the tops 
and bottoms of the images. 

sample 1). Figures 1(c) and 1(d) show Foucault images of 
sample 1, corresponding to the transition from parallel (P) to 
antiparallel (AP) alignment of the magnetization in the FM 
layers for applied current values of 0.3 and 3.5 mA, respec- 
tively. The contrast shows the domain structure in the sense 
layer during the reversal assuming that the pinned-layer 

magnetization is fixed and is parallel to the long axis of the 
element. The difference in slope observed in Fig. 1(a) is 
explained by a quicker reversal mechanism for the higher 
current values. For a low current, the magnetization direction 
of the sense layer gradually rotates within the domains (lead- 
ing to an increase in ripple contrast) as the applied field 
changes [see images 2 and 3 in Fig. 1(c)]. The domain struc- 
ture corresponding to the higher current value [see images 5 
and 6 in Fig. 1(d)] shows larger domains with no ripple 
contrast. For sample 1, the limit of current value above 
which the SV element begins to be damaged by heating ef- 
fects is around 4 mA. The GMR curve of sample 1 for the 
current value of 3.5 mA is not closed, meaning that some 
pinning effects between the two FM layers begin to affect the 
reversal mechanism. R(I) and R(T) measurements have 
been performed on sample 1 (not shown). For a current value 
of 3.5 mA, the resistance value has increased from 48 Q, (at 
room temperature) up to 60 Q, which corresponds to the re- 
sistance value obtained for a temperature of about 230 °C. 
We therefore believe that the difference in reversal mecha- 
nism between Figs. 1(c) and 1(d) is a result of the increase in 
thermal energy provided by the 3.5 mA current value. For 
sample 3, the domain configuration (not shown) at 0.3 mA is 
identical to that of sample 1. At 3.5 mA, its domain structure 
is similar to that obtained for 0.3 mA but with much less 
ripple contrast. 

Figures 2(a) and 2(b) show the GMR curves recorded for 
samples 2 and 4 (4/mi X10/im elements with NiFe and 
NiFe/Co sense layers, respectively) for applied current val- 
ues of 0.3, 2, and 3.5 mA. Figures 2(c) and 2(d) are Foucault 
images of sample 2 taken during the P-AP transition for 
applied current values of 0.3 and 3.5 mA, respectively. The 
differences between NiFe and NiFe/Co SV properties as well 
as the evolution of the GMR ratio, coercivity, and FM cou- 
pling with the various current values are similar to the pre- 
vious case. However, one can observe a much higher coer- 
civity (see Table II). Such a result is the consequence of the 
shape anisotropy which increases as the stripe width is re- 
duced (Hc = 47rMt/h where M is the saturation magnetiza- 
tion, t the thickness of the film, and h the stripe width). Also, 
the presence of pinning sites explained by corrosion and oxi- 
dation from the sides which occur during lithographic pro- 
cess could favor an increase in coercivity.8 Otherwise, the 
domain configurations shown in Figs. 2(c) and 2(d) are very 
similar to those corresponding to the previous section despite 
the lower size of the element. This feature allows us to think 
that the domain structure is more related to the shape of the 
element than to its size. 

We want to emphasize that all these results and obser- 
vations are very reproducible up to the limit of the current 
values given in Table II. These limits are more than one 
order of magnitude lower than that used in actual SV record- 
ing heads.9 The higher limit (4.5 mA) for samples 3 and 4 is 
consistent with the good thermal stability of Co in metallic 
multilayers.10 

CONCLUSION 

These results confirm clearly that the presence of a thin 
cobalt layer in the sense film increases the GMR ratio, the 
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TABLE II. Summary of the magnetic properties. 

Hc sense layer Hc sense layer GMR ratio GMR ratio Limit" of FM coupling FM coupling 
0.3 mA 3.5 mA 0.3 mA 3.5 mA current value 0.3 mA 3.5 mA 

Sample (Oe) (Oe) (%) (%) (mA) (Oe) (Oe) 

1 8 4 3.7 3 4 5 3.5 
2 15 7 3.5 3 4 6 3 
3 13 9 5.2 4 4.5 8 8 
4 20 15 4.5 4 4.5 10 10 

"Limit above which irreversible heating damage to SVs occurs. 
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coercivity, the FM coupling, and the thermal stability of the 
SV element. A decrease in the element size results in an 
increase in coercivity, probably due to the shape anisotropy, 
but it is worth noticing that the domain structure is very 
similar for the two sizes studied, indicating that the shape of 
the element is crucial for determining the domain configura- 
tion. An increase in the current density decreases the GMR 
ratio and the coercivity, and induces quicker transitions 
(lower anisotropy field) and larger domains for the reversal 
mechanism, these effects being more pronounced for the 
NiFe sense layer SV. As the contribution of the field induced 
by the sensing current is quite low for such a range of current 
values, the differences in domain structures between low and 
high current densities are mainly due to the increase in ther- 
mal energy of the element. 
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FIG. 2. (a), (b) GMR curves from samples 2 and 4. Numbers in (a) refer to 
the Foucault images in (c) and (d) which have been taken during the P-AP 
transition of sample 2 for current values of 0.3 and 3.5 mA, respectively. 
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Department of Applied Science, Brookhaven National Laboratory, Upton, New York 11973-5000 

P. Canfield 
Ames Laboratory and Department of Physics and Astronomy, Iowa State University, Ames, Iowa 50011 

The stray flux manifestations of surface magnetic domains found in as-grown Nd2Fe14B single 
crystals were observed, with a resolution in the range of 1 ^im, using conventional scanning electron 
microscopy (SEM) without instrumental modifications. A modified image-distortion mode was 
applied to image the three-dimensional stray flux emanating from the sample. The simplicity of the 
technique and the ready adaptability of the SEM to such modifications as in situ current and 
magnetic field application suggest that the results of this study may be extended to investigations of 
other materials of technological interest, such as perpendicular media disks. © 1998 American 
Institute of Physics. [S0021-8979(98)30411-9] 

INTRODUCTION 

The magnetic domain structure of magnetically ordered 
materials provides information of both fundamental and ap- 
plied technological interest. Data concerning the micromag- 
netic state, the influence of inhomogeneities on the position 
of domain walls, and direct determinations of the domain 
size and behavior under dynamical conditions are useful for 
the determination of materials parameters as well as for the 
confirmation of modeling predictions. On the more practical 
side, magnetic domain imaging can be used as a quick way 
to ascertain the presence, character, and effects of defects in 
recording media, recording heads, and transformer alloys. 

Magnetic domain images may be generated by a variety 
of techniques, each with its particular strengths and 
drawbacks.1 Scanning electron microscopy (SEM) allows 
magnetic domains of bulk materials to be imaged by the 
deflection of a beam of incident electrons from the surface of 
a ferromagnetic material under the influence of FLorentz. In 
this work, the applicability of SEM for imaging magnetic 
domains is demonstrated on a single-crystal specimen of 
Nd2Fe14B. It is hoped that a demonstration of the relative 
ease of this technique, combined with the adaptability of the 
SEM to such modifications as external field and current ap- 
plication as well as environment and temperature control, 
may prove to be helpful for researchers in both academia and 
industry. 

EXPERIMENTAL DETAILS 

Single crystals with the composition Nd2Fe14B were 
grown out of a Nd-rich melt from high-purity elements 
placed in a tantalum crucible and cooled at ~1 °C/h from 
1190 to 800 °C. After cooling, well-formed prismatic crys- 
tals were removed from the excess flux. Room-temperature 
demagnetization curves indicate that the crystal possesses a 
coercivity under 1 Oe. 

"'Present address: Applied Materials, 3050 Bowers Ave., Santa Clara, 
CA 95054; electronic mail: lhlewis@bnk.gov 

The magnetic domain observation was performed on a 
JEOL Model 6400 scanning electron microscope using a 
LaB6 filament operated at 6 kV and 9 nA. The collector bias 
voltage was set at the factory to vary with the accelerating 
voltage, thus producing a high signal-to-noise ratio. The 
scanning electron microscope has not been modified or aug- 
mented in any way. Depending upon the domain character- 
istics of the material under investigation, either the type I or 
the type II contrast mode is available in SEM to image mag- 
netic domains.2 Type I contrast is applicable when the emit- 
ted secondary electrons possess a relatively low kinetic en- 
ergy (<10eV) sensitive to deflection by the stray field 
emanating from the surface of the magnetic material. Type I 
contrast is operative on high anisotropy, uniaxial materials 
with surface stray fields unconfined by closure domains to 
remain within the material, which are characteristics of 
Nd2Fei4B. These surface stray fields reside above alternate 
domain walls and exert Lorentz forces FLorentz on the second- 
ary electrons which are deflected in opposite directions, de- 
pending upon the polarity of the stray field. Magnetic con- 
trast is produced when an unequal flux of secondary 
electrons reach the detector, positioned at an angle to the 
sample's surface. In this manner the intensity of domain con- 
trast varies from a maximum to a minimum across a single 
domain.3'4 The domain contrast obtained by SEM is highly 
influenced by the surface morphology, because secondary 
electrons also give rise to a topographical image. In order to 
insure that the crystal surfaces were as smooth as possible, 
the specimen was mounted in a Gatan dual ion mill on a 
special sample holder to accommodate its thickness. The 
specimen surfaces were first ultrasonically cleaned in ac- 
etone and then ion milled in an Ar+ beam for a total of 6 h at 
3 kV and 0.5 mA. Metallic luster, in addition to a significant 
increase in the clarity of the domain images, was then ob- 
tained after this treatment. Experiments were conducted with 
the samples in the "as-is" condition except for the surface 
cleaning procedure described above. The initial working dis- 
tance of the microscope was set at 39 mm, where it is ex- 
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FIG. 1. Macroscopic view of the domain configuration on the (001) surface 
of the Nd2Fei4B crystal. 

pected that the external field from the objective lens would 
have little effect on the sample.5 Optical Kerr microscopy 
was also performed on same crystal at Rhone-Poulenc Inc. 
for image comparison. 

RESULTS AND DISCUSSION 

Figure 1 presents the familiar maze pattern of domains 
visible on the (001) plane of the Nd2Fe14B single crystal. No 
change of the macroscopic domain structure of the Nd2Fe14B 
crystal was observed with change in focusing strength, even 
at the shortest working distance allowed by the system (8 
mm). Thus the magnetic field, due to objective lens, experi- 
enced by the sample is less than the coercivity of the crystal 
(1 G). Higher magnifications of the maze pattern reveal a 
fine structure which appears to consist of strings of neutral- 
grey beads separated by light and dark undulating lines. Fig- 
ure 2(a) shows the magnetic domain images formed by elec- 
trons influenced by the Lorentz force + FLorentz. Features on 
the order of 1 /mi may be resolved. Each "bead" in the 
string is elliptical in shape, with the eccentricity increasing 
from round on the (100) surface to more elongated on other 
surfaces. The depth-of-field of the secondary electron imag- 
ing process produces a third dimension, causing the strings 
of beads to appear either concave-up or concave-down in 
alternate rows. By rotating the sample through an angle of 
180° a change in the contrast is produced, because the Lor- 
entz force changes in sign. This phenomenon is shown in 
Fig. 2(b), where the circled feature which possesses a 
concave-up appearance in the top portion of Fig. 2(b) pos- 
sesses a concave-down appearance in the bottom portion of 
the figure. Kerr microscopy, Fig. 2(c), confirms that imaged 
"beads" are in reality spike domains, residing in rows of 
alternating magnetization between the larger stripe or "par- 
allel plate'' domains which extend through the bulk of the 
material. Spike domains are expected to form on the surfaces 
of uniaxial magnetic crystals with very high anisotropies, 
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FIG. 2. (a) Higher-magnification image of the Nd2Fe]4B crystal, illustrating 
the fine structure of the domains, (b) Top: domain structures imaged at a 
rotation angle of 0°. Bottom: Specimen rotated by 180° relative to the origi- 
nal orientation. Circled regions indicate an inversion of the domain depth of 
field contrast, (c) Kerr micrograph of the same crystal surface imaged in (a) 
and (b). 

such as Nd2Fe14B, that cannot easily form closure domains. 
The increased eccentricity of the spike domains found on 
surfaces oblique to the (001) surface may be understood as a 
manifestation of flux minimization for surfaces that contain 
only a component of the easy direction, as discussed by 
Goodenough.6 No domain contrast was observed on a sur- 
face that is parallel to an easy direction, such as a (M0) 
surface. 

A novel feature of using secondary electrons to image 
magnetic materials is that the demagnetizing stray fields 
present at the material's surface can be viewed three dimen- 
sionally, as shown in Figs. 3(a)-3(c). The (001) surface of 
the sample is tilted such that there is a shallow angle with 
respect to the optical axis of the microscope. The fringing 
fields appear as parallel rows of hillocks separated by narrow 
troughs, suggesting that the origin of the stray fields are the 
parallel plate/maze domains that extend through the bulk of 
the crystal, not the surface spike domains. 
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FIG. 3. (a) Image of the surface stray fields emanating from the crystal, (b) 
Enlargement of (a), illustrating the stray-field trough and hillock formations; 
(c) end-on view of surface flux from two crystallographic facets. 

the detector and the specimen. However, materials with 
smaller magnetizations relative to Nd2Fe14B may be imaged, 
with comparable resolution, using a smaller electron acceler- 
ating voltage. 

A high density of reversed spike domains are observed 
on all surfaces except the easy-plane (110) surface, with a 
resolution on the order of 1 ^tni. This technique may prove to 
be useful for a quick and relatively simple characterization of 
a magnetic material surface condition and domain structure. 
It has the additional advantage over other magnetic domain 
imaging techniques in that a large area of material may be 
examined at one time. The simplicity of the technique and 
the ready adaptability of the SEM to such modifications as in 
situ current and magnetic field application may allow direct 
simulations and observations of a magnetic material opera- 
tional performance. 
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Generally, the image quality of magnetic contrast gener- 
ated by FLorentz in SEM is generally poor. Both extensive 
theoretical ~ and experimental ~ studies have been con- 
ducted to seek optimal parameters to improve the image 
quality. In most cases sample surface decoration13'14 or ex- 
tensive image processing15 is still required. Recent work by 
others indicated that it was necessary to externally alter the 
detection system of the secondary electrons; Szmaja15 intro- 
duced an aperture in front of the secondary electron collector 
to act as an energy selector. Instead of having such an attach- 
ment inside the specimen chamber, the JEOL 6400 SEM is 
equipped, at the factory, with an automated bias adjustment 
circuitry to the collector which itself then acts as an energy 
filter. It should be borne in mind that this technique is most 
suitable for materials with a large, perpendicular magnetiza- 
tion vector because the resolution of the image is propor- 
tional to the Lorentz force of the excitation volume, as well 
as inversely proportional to the working distance between 
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A flexible two-dimensional phase correction for interleaved echo-planar 
imaging reconstruction 

Haiying Liua) 

Department of Radiology, University of Minnesota, Minneapolis, Minnesota 55455 

Interleaved echo-planar imaging (EPI) is a fast clinical magnetic resonance imaging (MRI) scheme 
that obtains multiple echoes with a proper phase encoding (PE) strategy to generate multiple k -space 
PE lines. Since these PE data lines are from different echoes that may carry different phase and 
amplitude errors originating from the static magnetic field inhomogeneity and nuclear spin 
relaxation, to form an image free of artifacts, both phase and amplitude errors need to be 
compensated properly. To address this issue, we have developed a general image reconstruction 
technique which is capable of accomplishing two-dimensional (2D) phase correction for image 
reconstruction of interleaved EPI data. In this technique we formulated the reconstruction as a 
problem of finding an optimal solution to a set of linear algebraic equations corresponding to an 
imaging measurement. The phase errors, as well as other constraints, can be incorporated into these 
equations. The final solution can be obtained by inverting the coefficient matrix of the equation via 
a complex singular value decomposition (SVD) procedure, free of fc-space data gridding. 2D phase 
corrected images have been successfully reconstructed using a set of imaging data acquired on a 
clinical MRI scanner. The significance of the work is that it has demonstrated that the 2D spatial 
phase correction can be accomplished for a set of interleaved EPI acquisition. Also, this is a flexible 
image reconstruction method for further improving the resulting image quality. © 1998 American 
Institute of Physics. [S0021-8979(98)30511-3] 

Interleaved echo-planar imaging (EPI) has already been 
widely used for many clinical magnetic resonance imaging 
(MRI) exams to achieve both short scan time and high spa- 
tial image resolution since it was first proposed by 
Rzedzian,1 Farzaneh,2 and Cho,3 then implemented by 
McKinnon4 and Butts5 in the early 1990's. The interleaved 
EPI technique obtains multiple echoes at different echo times 
(TE) for each repetition interval or each excitation with an 
oscillatory readout gradient waveform as shown in Fig. 1. 
This allows obtaining multiple fc-space encoding lines per 
shot or per MR signal excitation (Fig. 2). Since in the tech- 
nique the phase encoded data lines are coming from different 
echoes corresponding to different echo times due to main 
field inhomogeneity and spin relaxation, these different ech- 
oes may carry different errors in both amplitude and phase. 
To form an image free of artifacts, both phase and amplitude 
errors, as well as discontinuities, need to be compensated 
either by sliding the data sampling window3"5 or performing 
phase correction. It is known that the acquisition scheme 
using nonsliding data sampling window for the EPI acquisi- 
tion using multiple shots suffers the same problems. How- 
ever, such an approach for EPI with an appropriate phase 
correction scheme promises a relatively simple alternative in 
practice. Many phase correction methods have been devel- 
oped for matching data of different fc-space segments. Due to 
the intrinsic difficulty of the problem, most of them are only 
one dimensional in nature. Actual phase error due to suscep- 
tibility at a given echo time is often spatially two dimen- 
sional. 

To obtain an image of an object, such as the human 
body, the object is placed in a very strong and uniform static 
magnetic field typically 1.5 T generated by a cylindrical 
shaped superconducting magnet, a sine function modulated 
radio-frequency (rf) pulse is applied to the object from a rf 
antenna in concert with a slice select (SS) magnetic field 
gradient to excite proton nuclear spins within a thin slice of 
the object at a desired orientation. These excited spins are 
then spatially encoded according to their in-plane locations 
using two sets of magnetic field gradients varying linearly in 
space along two orthogonal orientations (Fig. 1). The corre- 
sponding spatially encoded MR signals are detected, ampli- 
fied, demodulated, digitized, and transferred to a computer 
for storage, processing, and display. A digital image repre- 
sentation of the object is formed from these MR signals 
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FIG. 1. The gradient and rf profiles for a four-echo interleaved EPI pulse 
sequence. El, 2, 3, 4 denote four different MR gradient echoes of the im- 
aging sequence, respectively. 
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FIG. 2. Traversal of the four-echo interleaved EPI data acquisition in 
/t-space. The rectangular fc-space area is partitioned into four equal segments 
which are filled by different echoes, respectively. Index 1 and 2 denote the 
jt-space trajectories of first and second excitation, respectively. 

known as raw data that cover an area in 2D k space suffi- 
ciently large and dense for a required spatial resolution and 
field of view (FOV) using discrete Fourier transformation 
(DFT) or in most cases fast Fourier transformation (FFT). 
Although FFT based reconstruction is the most common 
method in MRI, it becomes less flexible for accomplishing a 
2D phase correction. To address this problem, a 2D image 
reconstruction for the multiple shot EPI technique can be 
formulated as a numerical problem of finding a solution to an 
integral or linear equation as shown below: 

r +o= r + o 

J  —OO    J  —00 

[p(x,y) + n(x,y)]e*i'Ax'y)+k*x+k>yldxdy 

= Sj(kx,ky), (1) 

where p(x,y) represents the unknown spin density function 
for a finite size object to be reconstructed, n(x,y) denotes a 
noise contribution, q>j(x,y) is the 2D phase error induced by 
the static magnetic field inhomogeneity at the corresponding 
echo time indexed by /, and Sj(kx,ky) denotes a measured 
raw data point corresponding to the £-space coordinate pairs 
of kx ,ky commonly known as for the read, phase directions, 
respectively. In digital imaging, measured values for kx,ky 

are discrete and uniformly spaced. They can be related to the 
read Grd(t) and phase Gpe(t) gradient profiles as follows: 

"TE 

K= y      Grd{t)dt, 
Jo 

TTE 
ky=y\     Gpe(t)dt, 

(2) 

where y is the gyromagnetic ratio, arid t denotes the se- 
quence timing with the center of rf excitation as zero. For 
completely encoding an object in discrete digital image rep- 
resentation which consists of N row by N column pixels and 
covers a squared field of view of LXL, the largest spacing 
Ak between neighboring points in k space is 2ir/L, and the 
maximum value fcmax is N/2 Ak. Furthermore, the noise term 
[«(x,y)] can be assumed to be spatially and temporally un- 
correlated. To seek an optimal solution for the density func- 
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tion p{x,y) satisfying Eq. (1) we constructed a cost func- 
tional from a total squared error between a prediction and the 
measurement as follows: 

J,k e Kj 

sj\kx,ky)   Sj{kx,ky)\ , (3) 

where the integer number J denotes an echo index (J 
= 0,1,...,./Vecho-1), k stands for {kx,ky}, Kj represents an 
area or a segment in the k space covered by the 7th echo 
data, and "s hat" denotes a predicted £-space data point. Let 
us define this predicted fc-space data point in the context of 
discrete image representation as 

r + oo r+cc 

sj(kx,ky)=\ pixrfe'W^Wdx dy 
J — 00    J —CO 

+ L/2       + L/2 

-AxAv   2       2    p{x,y)ei(^+k*+kyy\ 
x=-LI2 y = -L/2 

(4) 

where both x and y denote a set of discrete positional vari- 
ables corresponding to each image pixel. Then we seek a 
solution for the spin density function that minimizes the cost 
functional. In this framework, a best estimation for the object 
spin density p{x,y) was achieved through an optimization 
procedure in which the error functional was minimized with 
respect to the variation of p(x,y). After some algebraic re- 
ductions, we derived a set of linear equations for the subse- 
quent image reconstruction assuming that the size of image 
is L: 

2 P(x,y') 2   e,Mx-y')-**x'>nei¥y-y"> 
J,ky<EKy 

=   2    e'i<e^y)e-ikyysj{x,ky), (5) 
AMf 

where y represents a set of discrete y coordinates within a 
finite range, the division of the y coordinate depends on the 
resolution limit, Sj(x,ky) is the data array Sj(kx,ky) after 
performing a first discrete Fourier transformation with re- 
spect to kx. For a fixed x coordinate, the system equation 
above for image reconstruction can be expressed in a form of 
matrix equation, Hp=f, where H denotes a complex 
squared matrix whose elements are given by 

"mn 2-i 
oii<pAx<ym)-'pM'yn)~\e

iky(yn-ym) (6) 
VXeAT-i 

p is the unknown column intensity vector for the image or 
spin density function of the object, whose mth element is 
defined as 

Pm=p{x,ym), (7) 

and / denotes an auxiliary complex column vector, whose 
nth element can be computed from the measured MR signal 
S(x,ky) as 

/«=   2    e-Mx-y«)e-tky>Sj{x,ky). (8) 
J,kv<EKy, 
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FIG. 3. Image of a ID rectangular shaped object reconstructed using FFT 
and ART techniques. The profile showing ripples at the edges corresponds 
to the FFT technique. The almost perfect profile corresponds to the ART 
technique with 2D phase correction (A: without addition of noise; B: with 
noise). 

The H matrix carries the information of a specific encoding 
strategy, as well as the phase and amplitude errors. Gener- 
ally, for nonzero phase error, the matrix element Hm „ is no 
longer shift invariant or only a function of parameter (m 
-n). Therefore, a shift invariant point spread function does 
not exist for the problem. In practice, all the required phase 
error information can be estimated from a set of low spatial 
resolution image acquisitions for all echoes using the same 
imaging sequence except that all the phase encoding blips 
are modified. Since the typical phase errors at different echo 
times in MRI are low spatial resolution, this estimation for 
the phase error is often adequate. The optimal solution for 
the discrete image representation can be written symbolically 
as 

(9) P = H~lf, 

where H~l denotes an inverse of the complex H matrix, 
assuming that the inverse of H matrix does exist. In practice, 
this H matrix was first decomposed into a product of three 
matrices using a robust method known as complex singular 
value decomposition (SVD) as shown below: 

FIG. 4. A typical transverse MR-ART image of human brain (A) in com- 
parison with that of DFT (B) at 1.5 T using an interleaved EPI sequence 
with an effective TE of 30 m. 

H= UWVT, (10) 

where U and V are two complex unitary matrixes, and W is 
a diagonal matrix. The inversion of the H matrix was easily 
obtained by carefully inverting the stable (or nonzero) ele- 
ments of the diagonal W matrix. 

Numerical simulations have been performed on a com- 
puter to validate the new 2D MR algebraic reconstruction 
technique (MR-ART). First, we numerically generated a set 
of testing data from a known ID object function mimicking 
a four-echo multiple shot EPI technique. Furthermore, we 
incorporated a set of known, spatially dependent phase errors 
in these four echoes. Using the new image reconstruction 
method, the phase corrected image data were obtained and 
found to be identical to the known object data as shown in 
Fig. 3. When a noise was added, the resulting MR-ART im- 
age was sharper at various edges. Results showed that this 
method was robust in both image reconstruction and phase 
correction. We have successfully applied the new technique 
to interleaved spin echo (SE) EPI data obtained from a 1.5 T 
MRI system. This EPI sequence consists of four gradient 
echoes after a refocusing rf pulse. For a standard 2D imag- 
ing, four gradient echoes were phase encoded independently 
for covering four contiguous segments in k space corre- 
sponding to 256X256 matrix size. For 2D phase correction, 
four low spatial resolution (along phase encoding) data sets 
were obtained for all four echoes using a set of common 
phase encoding steps. Figure 4 displays a typical image from 
one of the human head imaging studies. 
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Metallic needle artifacts in magnetic resonance imaging 
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A better understanding of the appearance of a biopsy needle and its image artifacts as well as its 
interaction with various sequence parameters in magnetic resonance (MR) imaging is beneficial for 
its application in MR image guided surgical procedures. A standard analytical solution to an infinite 
long cylindrically shaped object immersed in a uniform magnetic field has been used to predict MR 
image artifacts. In a more practical setting, we investigated the characteristics of MR image artifacts 
associated with a finite length metallic needle, specifically at the tip of a biopsy needle when it is 
approximately parallel to the main magnetic field. The origin of the needle tip artifact, which is 
exhibited as a blooming ball, was studied using MR imaging techniques and numerical simulation 
employing finite element method. Satisfactory agreement between theory and experiment has been 
achieved. Results showed that the image artifacts associated with biopsy needle are present and 
dependent on MR imaging parameters, but the artifacts can be reduced if optimal imaging 
parameters were used.   © 7995 American Institute of Physics. [S0021-8979(98)37311-9] 

INTRODUCTION 

The unprecedented interests in using MRI for guidance 
and monitoring of percutaneous minimally invasive interven- 
tions have been driven by magnetic resonance (MR) excel- 
lent soft tissue contrast, multiplanar capabilities and sensi- 
tivities to temperature, flow, susceptibility, etc.,1"3 and also 
made practical by the recent advances in MR and related 
technologies. The possibility of an induced magnetic force 
and an image artifact of a biopsy needle during interven- 
tional MRI have long been two primary concerns for the 
safety of MR image guided surgical procedures and the qual- 
ity of visualization and positional accuracy of the resulting 
images.1'2 Today, many of these obstacles have been over- 
come with the introduction of new materials such as titanium 
alloys and carbon fiber composites. Although metallic 
needles tend to have more severe image artifacts than those 
of carbon fiber, these metallic needles are often preferred 
because of clinical issues such as performance and visibility 
as well as practical issues such as machinability and produc- 
tion cost. As interventional MRI is steadily pushing itself to 
more delicate neurological surgical procedures where a much 
higher spatial precision is demanded, thus, any image artifact 
associated with the surgical instrument becomes an even 
more crucial problem. For interventional applications at high 
field (> 1.0 T), the requirements for these MRI compatible 
devices (needles) are more stringent in terms of the need to 
control mechanical forces/torques and imaging artifacts. 
Suitable materials for these needles as well as other surgical 
devices are generally the nonferromagnetic, chemically inert, 
biocompatible, nontoxic materials such as titanium alloys, 
carbon fiber composites, copper, nonferromagnetic steel, etc. 

THEORY 

Disturbance of the uniform static magnetic field due to a 
cylindrically shaped object whose magnetic susceptibility 

differs slightly from that of the surrounding can be predicted, 
and the resulting MR image distortion can be estimated. The 
image intensity artifacts and geometric distortion associated 
with a biopsy needle can to some extent be understood by 
modeling a biopsy needle as an infinitely long solid cylinder 
in a uniform static magnetic field. A general analytical ex- 
pression for the resulting external field perturbation can be 
obtained by solving a simple static magnetics problem whose 
geometry is shown in Fig. 1: 

<5Bext-#0 
Vn + ßt P 

2 sin ö( cos 2t//ep + sin 2i/re?),   (1) 

where 0 is the angle between z axis and the long axis of the 
needle, the long axis of the needle 1 is assumed to be in the 
y — z plane, B0 denotes the strength of the static uniform 
magnetic field whose direction is along the z direction as 
shown in Fig. 1, fin and fit represent the magnetic perme- 
ability of the needle material and surrounding tissue, respec- 
tively, a is the radius of the needle, p and q denote two axes 
orthogonal to the long axis of the needle, p is the radius of 
the observation point within the plane defined by p and q, ip 
is the angle between the vector p and the p axis, and ep and 
eq are two unit vectors denoting the directions of p and q 

a)Electronic mail: haiying.liu.-l@tc.umn.edu 

FIG. 1. Schematic of a solid metallic needle placed in an angle to the 
direction of the main magnetic field denoted by B0. The axis of the needle 
is assumed to be in the plane defined y and z axes. 

0021 -8979/98/83(11 )/6849/3/$15.00 6849 © 1998 American Institute of Physics 



6850 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Haiying Liu 

axes. Inside the cylindrically shaped needle, the magnetic 
field error can be found analytically to be spatially uniform 
as given below: 

*n       D  (fl»~flt   ■    a     ,  /*""/*' a   \ ™ SBin = B0\ —-— sin 8e„-\ cos det . (2) 
Vn + Vt Pt 

The magnetic susceptibility induced geometrical image dis- 
tortion can be described as a pixel shift along the readout 
direction on the resulting MR image. This positional shift is 
inversely proportional to the readout gradient strength or the 
data sampling bandwidth for distorted coordinates which can 
be computed as follows: 

Xa = X+- 
SB„ 

Trd 

Yd=Y, (3) 

--Z+ 
SB. 

Gsi 

where X and Y denote the readout axis and phase axis of an 
image plane, respectively, Z is the slice axis, <5ßext is the 
static main magnetic field error, and Grd and Gsi denotes the 
strength of the imaging readout gradient and slice select gra- 
dient, respectively. Due to the locally induced field inhomo- 
geneity, the image intensity attenuation for a gradient echo 
sequence is determined by a transverse inhomogeneity in- 
duced intravoxel relaxation time constant denoted by T 

which is proportional to the local field gradient (<*Vß). 
In the practical setting, these theoretical results for such 

an ideal case have severe limitations. For example, when a 
biopsy needle is placed parallel to the main static magnetic 
field, the resulting image artifact becomes minimal along the 
sheath of the needle, but exhibits a blooming ball shaped 
intensity void at its tip, which is not anticipated by the 
simple model. The immediate concern is that the visualiza- 
tion of the tip location may be obscured by this image arti- 
fact. In particular, the fact that a real needle is finite in length 
has not been fully considered in the model. 

According to static magnetics theory, for a problem in- 
volving zero external macroscopic current, a magnetic scalar 
potential as well as magnetic charge can be introduced. The 
surface magnetic charge density (crm) for a rounded needle 
tip as well as the bulk charge density (p,„) can be computed 
from the magnetization M of the needle. Since the magneti- 
zation of the needle shaped object in a strong and uniform 
magnetic field is fairly uniform in the middle, there exists no 
bulk charge density inside the needle away from the ends. 
The charge exists predominantly on the surface and the ends. 
The bulk magnetization M = xH, where x is the magnetic 
susceptibility [for titanium (Ti) 1.8X10"4, water -0.88 
X 10~5] and H is the magnetic field intensity. At the end of 
the needle, H becomes spatially nonuniform due to the lo- 
cally induced charges. Although the exact analytical solution 
for H is difficult to obtain, its numerical solution can be 
relatively easily obtained using a finite element method 
(FEM). By integrating the effect of both the surface charge 
over the surface area of the needle and the bulk charge over 
the volume of the needle, the total perturbation on the mag- 

netic scalar potential in the vicinity of the tip of the needle 
can be obtained numerically for arbitrarily complex geom- 
etries: 

1    f  <rm{t') jri t    1    C  p,„(r') 

47Tj     r ~ r 47TJ    r ~ r 
(4) 

where r denotes the coordinates for an observation point and 
r' denotes the source coordinates. The perturbation on the 
magnetic flux density external to the needle can be obtained 
by taking the gradient of the resultant magnetic scalar poten- 
tial. An axisymmetric FEM model with a set of proper 
boundary conditions has been constructed for simulating the 
static magnetic behavior of a needle in a uniform magnetic 
field. From this model, using FEA software, we obtained the 
values for the internal and external H field from which the 
bulk magnetization (M) was derived. From M, both bulk 
and the surface magnetic charge densities can be determined. 
The overall magnetic flux density disturbance can be ob- 
tained at arbitrarily high spatial resolution by integration us- 
ing the expression shown above. Starting from the resulting 
field perturbation of the static uniform main magnetic field, 
various MR image artifacts, such as an image intensity void 
and an image geometric distortion, can be numerically simu- 
lated and predicted for different imaging techniques. 

MATERIALS AND RESULTS 

A nonferromagnetic stainless steel needle with a flat tip 
was used in our imaging experiments. All imaging experi- 
ments were conducted on a Philips 1.5T clinical whole body 
MR scanner (ACS-NT, Best, Netherlands). An imaging 
phantom, which contained the needle and a nonmagnetic grid 
structure immersed in water, has been constructed for study- 
ing the image artifact associated with a biopsy needle. For 
better signal to noise ratio, a receive-only head coil was used 
for the imaging experiments. The high resolution 3D field- 
echo (FE) and spin-echo (SE) images at multiple data sam- 
pling bandwidth were obtained with a FOV of 20 cm and 
data sampling matrix size of 256X256. 

When the needle was placed perpendicular and parallel 
to the direction of the main magnetic field, an arrowhead and 

FIG. 2. A coronal 2D spin echo image of a MR compatible stainless steel 
needle with the readout gradient placed vertically. The main magnetic field 
direction is vertical. Imaging parameters are: FOV=10cm, slice 
thickness=5 mm, TR/TE=550/9.5 ms, flip 90, image matrix size 128 
X128. 
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FIG. 3. Two coronal 2D spin echo images at the exact same slice position 
through the needle with the readout gradient polarity vertically up (left-hand 
side) and vertically down (right-hand side). The main static magnetic field 
direction is vertical. 

ball-shaped image artifact appeared on the resulting MR im- 
ages of 3D field-echo technique as shown in Figs. 2 and 3, 
respectively (readout is along the main field direction). For 
the perpendicular case, the expected arrow shaped appear- 
ance due to the geometric distortion around the needle stem 
could be simulated.3 In the case where the needle is parallel 
to the main field, the image artifact in the direction normal to 
the axis of the needle becomes minimal in the middle of the 
needle stem, but the size of the intensity void at the tip of the 
needle appears significantly larger than the diameter of the 
needle. The actual location of the needle tip was at the center 
of the reference square grid, whose dimension was 
15 mmX 15 mm. Generally, we found that the center of the 
artifact coincided with the true needle tip location. Further- 
more, as the readout gradient is inverted, the appearance of 
the artifact is quite different [Fig. 3(B)]. The resulting image 
artifact tends to collapse to a small perpendicular line at a 
level corresponding to the tip of the needle. As the readout 
gradient was tilted with respect to the needle, the resulting 
artifact shape followed the readout direction. For example 
when the needle was placed at a 40° angle with respect to the 

.  1   1   1   1   1   1   1   1   1   1   1   1 i  i  i  i  <  i  i 

1     \ 
H 

f         Needle                 ' Needle tip " 

\         ! 

Position 

FIG. 4. Magnetic field intensity (H) and. flux density along a metallic needle 
axis at 1.5 T. Only one end of the needle is shown. 

FIG. 5. Two numerically simulated coronal 2D spin echo images through 
the MR compatible stainless steel needle with the readout gradient polarity 
indicated. The main magnetic field direction is horizontal. 

z axis while keeping readout parallel to the main field, we 
observed that the needle stem appeared wider as the angle 
increased. In addition, there still existed the same tip artifact 
along the readout direction. When the phase encoding gradi- 
ent was set to be perpendicular to the needle, the size of the 
artifact was reduced. The magnetization and field were nu- 
merically simulated, the field intensity H and flux density B 
along the needle long axis are shown in Fig. 4. Using the 
needle magnetization as an input, the field perturbation ex- 
ternal to the needle was computed at high spatial resolution. 
Based on the calculated error field, an imaging experiment 
can be simulated assuming everything else is perfect. Simu- 
lated images qualitatively reproduced the observed image ar- 
tifact as shown in Fig. 5. Figure 4 shows that the error mag- 
netic field intensity (A//) above and below the tip are 
pointing in opposite directions. This is consistent with the 
fact that the magnetic charge is mostly localized at the sur- 
face of the tip. At 1.5 T, based on a rough estimation assum- 
ing the needle is uniformly magnetized, the resulting field 
perturbation on the surface of a nonferromagnetic metallic 
needle tip can be as large as 6 kHz. 

CONCLUSION 

We have shown the overall appearance of the MR image 
artifacts associated with the tip of a biopsy needle for various 
relevant imaging parameters, and demonstrated that these 
image artifacts originate from both if off resonance effects 
and geometric distortion. A theoretical explanation has been 
introduced and validated using the MR imaging results. Prac- 
tical experience indicates that moderating image artifacts to 
some extent enhances the visibility of the needle. Under- 
standing the characteristics of the needle artifact and interac- 
tion with imaging parameters can help in not only optimizing 
the imaging parameter and technique to reduce the potential 
image artifact but also in interpreting the artifact properly. 

1 P. R. Mueller, D. D. Stark, J. F. Simeone, S. Saini, R. J. Butch, R. R. 
Edelman, J. Wittenberg, and J. T. Ferrucci, Radiology 161, 605 (1986). 

2R. B. Lufkin, L. Teresi, and W. N. Hanafee, AJR 149, 380 (1987). 
3M. E. Ladd, P. Erhart, J. F. Debatin, B. J. Romanoski, P. Boesiger, and G. 
C. McKinnon, Magn. Reson. Med. 36, 646 (1996). 
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The magnetic behavior of MnZnTi and NiZn ferrite films, deposited by laser ablation, is studied 
comparatively to that of the bulk material, using a vibrating-sample magnetometer (VSM), 
transmission, and conversion electron Mössbauer measurements. Both the VSM and Mössbauer 
analysis show that the films exhibit the single phase pattern of the target material. Mössbauer 
hyperfine field values for films are close to those found for the bulk, and this accounts for the same 
saturation magnetization values determined by VSM. Laser ablated films exhibit a higher coercive 
field, which is explained in terms of the crystallite size distribution, with average values of 300-600 
nm, as estimated from the Mössbauer line broadening. © 1998 American Institute of Physics. 
[S0021-8979(98)48911-4] 

I. INTRODUCTION 

MnZnTi and NiZn ferrite films have been deposited by 
laser ablation with stoichiometries close to the target1"4 and, 
most importantly, without postdeposition heat treatments to 
form the spinel structure, as required by other synthesis pro- 
cesses such as rf or dc sputtering. As laser ablation deposi- 
tion is a ' 'dry-processing'' technique, compatible with other 
approaches currently used in modern technology, of continu- 
ing interest for producing ferrite films, the magnetic proper- 
ties of the films must be understood within the context of the 
requirements for potential applications. However, there have 
been few, if any, systematic studies that correlate the mag- 
netic quality of the ferrite films with the spinel microstruc- 
ture. In this article we correlate the saturation magnetization 
and the coercive field for the MnZnTi and NiZn ferrite films 
with the hyperfine parameters of their conversion electron 
Mössbauer spectra (CEMS). We also compare the magnetic 
properties of the laser ablated films with those of the bulk 
material. 

II. EXPERIMENTAL PROCEDURE 

The MnZnTi and NiZn ferrite targets were prepared by 
conventional powder ceramic techniques5 with nominal com- 
positions Mn0.66Zn026Tia02Fe2.06O4 and Ni0.35Zn0 65Fe204. 
Laser ablation was performed, as described elsewhere,1"4 in- 
side a stainless-steel vacuum chamber, with a base pressure 
of 10"5 mbar, using an excimer laser source Lambda Physik 
model LPX 100, operated with XeCl* active mixture (X 
= 308 nm), giving 30 ns, 65-75 mJ pulses, at a repetition 

''Electronic mail: amado@fisl.fc.up.pt 

rate of 21 Hz. A high repetition rate was desirable from the 
standpoint of minimizing the concentration of background 
impurities in the films. The target was rotated at a frequency 
of 0.2 Hz for uniform target wear and to minimize droplets 
on the substrate, which was located at a distance of 4 cm 
from the target surface and parallel to its surface. The ferrite 
films were deposited onto high silicon content glass sub- 
strates, at substrate temperatures of 850 °C and at oxygen 
pressures of 0.15-0.2 mbar. This substrate temperature en- 
sures high atomic mobility, so improving film crystallinity. 
After deposition, the films were cooled slowly to room tem- 
perature by turning off the power to the substrate heater and 
raising the pressure in the vacuum chamber to 2 mbar of 
oxygen. 

The relative elemental concentrations were used to esti- 
mate the atomic composition of the deposited films, by con- 
sidering their values normalized to the nominal composition 
of the targets. We have found an average composition 
Mn1_v_>_rfZnfTidFe2+3,04 with JC=0.2-0.22, y=0.13- 
0.15, af~0.01, and respectively, Ni1_x_),ZnJ.Fe2+),04 with 
x = 0.58-0.64 and y = 0.08-0.1. As the error in the determi- 
nation of the areas of the peaks in the x-ray energy spectrum 
exceeds the Ti content in the bulk material, the average com- 
position of the films may be assumed to be satisfactorily 
stoichiometric with respect to the targets. The Mn, Ni, Zn, 
and Fe concentrations of our films remained almost constant 
irrespective of the deposition conditions, within the error of 
the energy dispersive spectroscopy (EDS) system, although 
the data suggest a slight deficiency of Zn (a few atomic per- 
cents) in the films as compared with the original targets. 

The magnetization curves were measured for the target 
material and the films, at room temperature, by a vibrating 
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FIG. 1. VSM magnetization loops of MnZnTi ferrite target (a) and film (b), 
measured in-plane and out-of-plane. 
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FIG. 2.  Room temperature transmission Mössbauer spectrum from the 
MnZnTi target and CEMS spectrum from the laser ablated film. 

sample magnetometer (VSM). Transmission Mössbauer 
spectra has been obtained from the powdered target material, 
on a constant acceleration spectrometer with a 57Co/Rh 
source. The CEMS spectra were recorded from the films us- 
ing a room temperature detector.6 The integrated Mosswin 
program7 has been employed to calculate the spectral param- 
eters and the crystallite size distribution for the films. 

III. RESULTS AND DISCUSSION 

Typical in-plane and out-of-plane magnetization curves 
are shown Fig. 1 for the MnZnTi ferrite target and films. The 
saturation magnetization was determined for films to be 
within a few percent of the value for the bulk material, 
namely in the range (220-280) X105 J/T/m3 (220-280 
emu/cm3), and this is consistent with stoichiometric ferrites. 
However, the coercive field Hc for the films, with values in 
the range of 6400 to 14300 A/m (20 to 45 Oe), is obviously 
larger than that found for the targets. This suggests a strong 
influence from the film microstructure, and is likely to indi- 
cate the presence of crystallite shape anisotropy.8 

The room temperature transmission and CEMS spectra 
for the MnZnTi target material and film, respectively, are 
plotted in Fig. 2. The computed spectrum of the bulk mate- 
rial contains one sextet for the tetrahedral (A) iron, which 
has the highest effective fields H(A) = 40.9 T, another sextet 
for the octahedral (B) iron, H(B) = 38.1 T, and an additional 
subspectrum (H= 34.3 T) assigned to Ti4+Fe2+ pairs, 
formed by fast electron transfer between multivalent iron and 

titanium ions. The CEMS spectra from the film indicate 
slightly smaller values of the magnetic fields at the two sites, 
//(A) = 39.5 T and H(5) = 36.2T, which is consistent with 
the magnetization behavior [see Figs. 1(a) and 1(b)]. The 
relative iron concentration at the octahedral site decreases 
upon ablation, and this is likely to be related to the Zn defi- 
ciency, as indicated by elemental analysis. There is a line- 
width increase in the CEMS spectra with respect to the trans- 
mission data, which allows an estimate of the crystallite size 
distribution, as described before.9 The average crystallite size 
is found to be in the range of 300-600 nm, in agreement 
with the atomic force microscope (AFM) image analysis.3 

This crystallite size is smaller than in the bulk material, and 
results in increasing the number of low angle grain bound- 
aries, which act as pinning sites for domain walls and are 
responsible for larger Hc values.8 

From the magnetization curves of NiZn ferrite, shown in 
Fig. 3, the film saturation magnetization was found to be 
660X 105 J/T/m3 (660 emu/cm3), which is close to the value 
for the bulk material, as expected from stoichiometric NiZn 
ferrite. The coercive field of about 25.5 kA/m (80 Oe), is 
larger than the values found for the target, and this can be 
also attributed to a decrease in the crystallite size. This con- 
clusion is supported by the Mössbauer data analysis. 

The transmission spectrum from the NiZn target material 
shows typical relaxation features, which appear as two sex- 
tets, #(A) = 36.4T and H(B) = 30.6T, and a quadrupole 
split doublet (Aisß= 1.31 mm/s, 75=0.35 mm/s), indicating 
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FIG. 3. VSM magnetization loops of NiZn ferrite target (a) and film (b), 
measured in-plane and out-of-plane. 

thermally excited domain wall oscillations.10 These param- 
eters are close to those previously reported11 for the same 
range of Zn concentration (x = 0.65). The corresponding 
(CEMS) parameters of the film, H(A) = 35.7T and H(B) 
= 30.3 T, are consistent with the saturation magnetization 
data obtained by VSM. The smaller concentration of the 
quadrupole doublet in the CEMS spectrum, corresponding to 
almost the same x, can be explained on account of a lower 
density of the film material10 (Fig. 4). In other words, our 
film should be regarded as having some concentration of 
vacancies and voids, yielding a lower average density. Al- 
though such free spaces are expected to result in high- 
temperature quenched samples, the morphology analysis4 in- 
dicates that we are not dealing with macroporosities that 
unfold on the surface. This result is also consistent with the 
increased coercive field values found for the films (see Fig. 
3). 

IV. CONCLUSION 

The VSM and Mössbauer analysis of the MnZnTi and 
NiZn ferrite targets and laser ablated films indicate that the 
films exhibit the single phase pattern of the bulk material. 
The hyperfine field values for films are close to those found 
for the targets, and this accounts for the similar range, deter- 
mined by VSM, for the saturation magnetization values. The 
higher coercivity of laser ablated films is consistent with the 
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FIG. 4. Room temperature transmission Mössbauer spectrum from NiZn 
target and CEMS spectrum from the laser ablated film. 

crystallite size distribution, with average values of 300-600 
nm, as estimated from the spectral line broadening. A satis- 
factorily qualitative explanation of the magnetic properties is 
obtained on taking proper account of both the intrinsic prop- 
erties, such as stoichiometry, of which the saturation magne- 
tization and hyperfine fields are mainly dependent, and the 
extrinsic properties, like the crystallite size, with direct influ- 
ence on the coercive field and the line broadening of CEMS 
spectra. 
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In this paper we report the soft magnetic properties of thin films of sputtered MnZn ferrite deposited 
on thermally oxidized Si substrates. A high deposition temperature, 600 °C, together with the 
addition of water vapor to the sputtering gas was found to improve the initial ac permeability, /x. 
The highest value obtained was approximately 30. For MnZn-ferrite films with much larger grain 
sizes, as obtained by deposition on a poly crystalline Zn-ferrite substrate, a /x of 100 was obtained. 
The results are discussed in terms of the so-called nonmagnetic grain boundary model. © 1998 
American Institute of Physics. [S0021-8979(98)53211-2] 

I. INTRODUCTION 

The growth of thin layers of magnetically soft ferrites 
such as MnZn or NiZn ferrite has been studied recently by 
various groups.1"3 This interest is motivated by potential ap- 
plications such as magnetic thin-film read heads,4 cladding 
layers for thin film inductors,5 and microwave acoustic 
devices.2 For most applications, two of the most important 
parameters are the resistivity of the layer and the ac perme- 
ability, /x. While the resistivity is similar to that of the bulk 
the permeability of the thin ferrite films, on which many 
authors do not report explicitly, appears to be significantly 
less. This may be deduced from previously published M vs 
H loops2 where, even when grown epitaxially, the films lack 
the true softness which characterizes the bulk material. 

It has been shown by other authors that the addition of 
oxygen during deposition can have the effect of improving 
the softness of a thin film MnZn ferrite.1 We however, found 
that this can easily lead to an undesired oxygen rich ferrite. 
In the case of Fe304 it was found that the exact oxidation 
state of sputtered films could be more accurately controlled 
using H20.6 In this paper we report the effects on the soft 
magnetic properties of MnZn ferrite when a small amount of 
water vapor is added to the sputtering gas. 

II. EXPERIMENT 

The films were deposited in a Perkin Elmer 2400-8L rf 
diode sputter system, using Ar at a constant pressure of 0.29 
Pa (2.2 mTorr). The background pressure was approximately 
1.3X10-4 Pa. The substrate temperature during deposition 
was monitored by a thermocouple inserted into the substrate 
table and silver paste was used to ensure a good thermal 
contact. The films were sputtered from a 10 cm diameter 
Mn0,5iZn0_42Fe2.03O4 polycrystalline ferrite target which has 
a bulk /x of approximately 4000. The deposition rate was 0.2 
/im/h, with a rf power of 250 W, and the films, which were 
grown on Si substrates with a 0.5 jxm pregrown thermal Si02 

layer, were approximately 0.9 /xm thick. The initial ac per- 
meability was measured7 using an HP4129A analyzer with 
an applied ac field of 2.5 A/m. 

III. MAGNETIC PROPERTIES 

The magnetic properties were studied as a function of 
two deposition parameters: additional water vapor in the 
sputtering chamber and substrate temperature. The effect of 
the presence of an additional amount of water vapor on the 
soft magnetic properties is shown, for three different sub- 
strate temperatures, Ts, in Figs. 1(a)-1(c). In the case of no 
additional added water vapor, [p(H2O) = 1.3X10"4Pa] an 
increase in Ts does have an effect on /x, though the maxi- 
mum value attained was only 16. Upon increasing p(H20) 
the coercivity Hc [Fig. 1(a)] is reduced, and for a Ts of 550 
or 600 °C Hc is approximately 1.6 kA/m with the addition of 
0.13 Pa of H20. For r, = 500°C the minimum Hc is ap- 
proximately 2.8 kA/m. 
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FIG. 1. The effect of the partial water-vapor pressure during sputtering on 
(a) the coercive field, (b) the saturation magnetization, and (c) the ac per- 
meability of thin ferrite films. Deposited at 500 °C* (circles), 550 °C 
(squares), and 600 °C (triangles). 
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FIG. 2. The effect of a variation in substrate temperature at 
/>(H2O)=0.13 Pa on (a) the coercive field, (b) the saturation magnetization, 
(c) the ac permeability, and (d) the lattice parameter of a 0.9 /xm MnZn- 
ferrite film. 

The room temperature saturation magnetization, ^QMS , 
of the sputtered films, Fig. 1(b), is only slightly lower than 
that of the bulk material (0.44 T). 

The ac permeability did not show any rolloff in the 1-13 
MHz frequency range and the average value of permeability 
over this frequency range is what is given in Fig. 1(c). For 
the different Ts the trend is similar: an increasing p(H20) 
leads to a higher /JL, with the maximum, yu,«27, being 
achieved with a Ts of 600 °C and a p(H20) of 0.23 Pa. 

While the trends in magnetic properties are independent 
of Ts the actual values of Hc and fi are not. The magnetic 
and structural properties (Sec. IV) of the sputtered ferrite 
were therefore measured for a new series of films where Ts 

was varied while holding the p(H20) constant at 0.13 Pa. 
Figure 2(a) shows the influence of temperature on Hc which 
falls to approximately 1.4 kA/m for Ts higher than 560 °C. 
An increase in Ts also leads to an increase in the fi0Ms, Fig. 
2(b). Substrate temperatures which are less than 450 °C, re- 
sult in a fi below 10, Fig. 2(c). Above 450 °C ß increases 
rapidly with increasing temperature and at 600 °C fi is ap- 
proximately 27. 

IV. STRUCTURAL PROPERTIES 

The structural properties of the ferrite were also studied 
both as a function of p(U20) and Ts. The width and position 
of the strongest peak, (400), in the 6-26 Cu Ka x-ray spec- 
tra did not show any relation to /?(H20) (while Ts was 
fixed). The stoichiometry of these films, together with those 
deposited with various substrate temperatures, was checked 
using x-ray fluorescence, XRF, and electron probe mi- 
croanalysis, EPMA. For depositions at Ts less than 500 °C 
the composition did not appear to be influenced by p(U20) 
and was, within experimental error, the same as the target 
material. For depositions at higher Ts films showed Zn defi- 
ciency if deposited without H20. The fact that this did not 
occur in the presence of H20 may be due to the oxidation of 
metallic Zn on the surface of the film which would slow 

■HB 0.5 um 

FIG. 3. TEM cross sections of films deposited at (a) 523 °C and (b) 604 °C. 

down any evaporation. For films with a reasonably high fi, 
such as those deposited at 550 °C/0.13 Pa water vapor, the 
stoichiometry was, within experimental error, the same as 
the target. 

From the (400) x-ray diffraction peak positions the lat- 
tice parameter perpendicular to the film was determined for 
films deposited at different Ts, Fig. 2(d). The bulk (target) 
lattice parameter was 0.848 nm. These experiments, as well 
as x-ray measurements with a varying direction of the scat- 
tering vector and mechanical stress measurements, reveal a 
reduction in stress for increasing Ts. Due to the strain 
present in the ferrite films it is not possible to accurately 
determine the average crystal size via the analysis of x-ray 
peak widths. This was therefore determined via transmission 
electron microscopy (TEM) cross sections for films depos- 
ited at 7^ = 523, 565, and 604 °C. [The cross sections shown 
here are only for films deposited at 523 and 604 °C (Figs. 
3(a) and 3(b), respectively).] While it is possible to discern a 
columnar structure within all the films it is clear that for a 
higher deposition temperature the columnar structure is more 
clearly defined. For the film deposited at 7^ = 523 °C there 
exist imperfections throughout the whole thickness of the 
film. This is in contrast to films deposited at a higher Ts 

where the formation of small crystallites only occurs during 
the initial stage of growth. In the later stages of growth a 
very distinct columnar structure appears. From the TEM 
cross sections the estimated average grain sizes for the depo- 
sitions at 523, 565, and 604 °C were 90, 110, and 175 nm, 
respectively. 

V. FILMS GROWN ON A Zn-FERRITE SUBSTRATE 

In Sec. IV the values for the approximate grain size of 
the ferrite films, as determined through TEM, were reported. 
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From the nonmagnetic grain boundary model8 (NMGB 
model) the relationship between the effective initial perme- 
ability, /xe, the average grain size, D, and the intrinsic per- 
meability, [ij, of the ferrite within a grain is given by 

Pe ' fiiS+D' (1) 

where 8 is the width of the nonmagnetic grain boundary 
zone. Equation (1) implies that that for fixed values of «Sand 
ßi, /xe can be increased by increasing the grain size. We 
therefore increased the in-plane grain size of the MnZn- 
ferrite films by growing on a mechanically polished poly- 
crystalline Zn-ferrite (ZnFe204) substrate with a grain size 
of approximately 15 /xm. Since the lattice parameter mis- 
match is less than 0.5% and the thermal expansion coeffi- 
cients are similar,9 Zn ferrite is an ideal substrate on which to 
grow MnZn ferrite. On account of the substrate being para- 
magnetic at room temperature the magnetic properties of a 
MnZn-ferrite film can be measured without a contribution 
from the substrate. Figure 4 shows a scanning electron mi- 
croscope photograph of a 0.9 /xm thick MnZn-ferrite film, 
deposited with p(H2O)=0.13 Pa and Ts = 560 °C. As can be 
seen the in-plane grain size is around 15 /xm. The film had a 
Hc of less than 0.1 kA/m and was therefore much softer than 
those deposited on the Si/Si02 substrates (Hc<** 1.4 kA/m for 
films deposited under identical conditions on Si/Si02). The 
ac permeability of the films deposited on Zn ferrite was 
100±5. 

VI. DISCUSSION AND CONCLUSIONS 

The improvement in soft magnetic properties by adding 
water vapor to the sputtering gas was an unexpected result, 
for which we do not yet have an explanation. We did, how- 
ever, consider the possibility that the presence of H20 affects 
the oxidation state of either the Fe or Mn ions in the ferrite. 
Using a wet chemical technique it was found that the fraction 
of Fe2+ and Mn3+ ions in the films, with and without water 
vapor, were very similar to that of the target. It could, how- 
ever, still be possible that the concentration of either Fe2+ or 
Mn3+ ions at the grain boundaries is not as in the bulk ma- 
terial and, since these ions can give rise to a large single ion 
anisotropy in the presence of a crystal field, this could result 
in grain boundaries with a high anisotropy. The effect of 
high anisotropy grain boundaries was considered by 
Pankert10 and leads to a reduction in permeability. 

The effect of the substrate temperature on the soft mag- 
netic properties, which was also observed for films grown on 
the Zn ferrite, must be related to the increased mobility of 
the atoms when they arrive at the surface. This has the ob- 
vious effect of increasing the grain size which, according to 
the NMGB model, leads to a magnetically softer film. A 
higher temperature would also reduce the density of disloca- 
tions and other imperfections in the bulk of the grains and 
could reduce the thickness of the nonmagnetic grain bound- 
ary, thereby improving the softness of the ferrite. 

The reduction in lattice parameter for increasing Ts, Fig. 
2(d), is indicative of a lowering in the total stress which is 
present in these films (this was also checked using mechani- 

FIG. 4. SEM photograph of 0.9 /an MnZn-ferrite film deposited on a Zn- 
ferrite substrate. 

cal stress measurements). Taking the sign of the thermal mis- 
match between the substrate and the film into account such a 
behavior cannot be explained in terms of a thermal mismatch 
alone and there must exist excessive stress within the ferrite 
film itself. A shift in the lattice parameter, with respect to 
that of the bulk, is also observed for the MnZn-ferrite film 
deposited on Zn ferrite. A lowering of total stress for higher 
deposition temperatures may be responsible, at least in part, 
for the higher permeability achieved with these temperatures. 

As would be expected from the NMGB model the choice 
of Zn ferrite as a substrate and the consequently larger grain 
size of the MnZn-ferrite film lead to a higher permeability. 
If, however, one substitutes into Eq. (1) the average grain 
size of the film shown in Fig. 4, together with a nonmagnetic 
grain-boundary thickness of a few nanometers (for the bulk a 
value of 1.4 nm has been determined8) then /x-^ /xe, where 
/xe has been found to be approximately 100. Such a low 
value of /xl may be caused by the presence of residual stress 
in the films though it is important to realize that the cation 
distribution was not checked in these sputtered layers and 
that a deviation from the desired distribution could also re- 
sult in a low /x. 

A permeability of 30, as obtained for thin films on 
Si/Si02 is sufficient to utilize these layers as cladding layers 
for thin film inductors. As a flux guide material in yoke-type 
thin film read heads4 a permeability of 30 is not quite suffi- 
cient. Further effort is therefore needed to realize a higher 
permeability and a lower deposition temperature. 
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Emission studies of Ba-hexaferrite plume produced by a KrF excimer laser 
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Optical emission measurements and intensified charge coupled detector images of a plasma 
generated by the interaction of a KrF excimer laser with a Ba-ferrite target have been used to study 
the laser ablation deposition of Ba ferrite thin films. Time integrated spectra were collected as a 
function of distance above the target surface and as a function of oxygen pressure. Temporal profiles 
showed that close to the target the plume is insensitive to ambient oxygen pressure and at greater 
distances a much more pronounced influence is observed. Time resolved images of the overall 
optical plasma emission clearly demonstrated how the presence of oxygen confines the plasma and 
enhances its emission.   © 1998 American Institute of Physics. [S0021-8979(98)29711-8] 

I. INTRODUCTION 

The M-type hexaferrites are an important class of mate- 
rials for microwave, high-density magnetic and magneto- 
optical (MO) recording technologies. M-type Ba and Sr- 
hexaferrite with perpendicular magnetic anisotropy have 
been previously grown in situ on (001) oriented single crys- 
tal substrates of AI2O3,1 yttria stabilized zirconia (YSZ), and 
Si2, using pulsed laser deposition (PLD). Our earlier studies 
revealed that hexaferrite films prepared from stoichiometric 
targets at 840 °C, and 0.1 mbar for a target substrate distance 
of 30 mm exhibited the highest degree of crystalline quality 
and nearly bulk magnetic and magneto-optical properties. At 
reduced oxygen pressures (<0.1 mbar) the films, which 
where grown at 840 °C, displayed an enhanced fraction of in 
plane oriented (cy) crystallites while at increased oxygen 
pressures 
(>0.1 mbar) the surface was populated with outgrowths 
which also contributed negatively to the perpendicular an- 
isotropy and made the surface rough. 

We describe the propagation of excimer laser ablated 
plasma into background oxygen pressures, used for film 
growth, as observed by emission spectroscopy and intensi- 
fied charged coupled detector array (ICCD) photography. 
The emission characteristics of the plume were correlated 
with the quality of the Ba-hexaferrite films synthesized by 
PLD. First, we report on temporally integrated, spatially re- 
solved emission spectra from plasmas along the direction 
perpendicular to the target surface. The data were collected 
for plasmas propagating both in vacuum an in an ambient 
oxygen, from which the composition and state of ionization 
of the emitting species could be deduced. We have also in- 
vestigated the effect of oxygen pressure on the spatial and 
temporal behavior of a number of atomic and ionic species in 
the plume. Effective species velocities were derived from the 
time dependent profiles and plasma temperatures were esti- 

a)Current address: FORTH, Institute of Electronic Structure & Laser, GR- 
711 lOHeraklion, Greece. 

b)Current address: Seagate Technology, Disc Drive, Springtown, Lon- 
donderry, N. Ireland, United Kingdom. 
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mated from the integrated line intensity ratios of ionic spe- 
cies. Furthermore, the expansion of the plasma in vacuum 
and oxygen ambient has been photographed with a gated, 
intensified CCD array camera system. 

II. EXPERIMENTAL PROCEDURES 

The apparatus used in the present experiments has been 
described previously.3 All measurements were carried out on 
plasmas produced following KrF excimer laser (X 
= 248 nm, full width at half maximum (FWHM)=20 ns) ab- 
lation, in vacuum and oxygen pressures up to 0.5 mbar, at a 
laser fluence of 2 J/cm2, with the laser beam incident at 45° 
to the rotating BaFe12019 target. Temporally integrated emis- 
sion spectra were recorded by imaging, at a 1:1 magnifica- 
tion, the luminescent plume onto the entrance slit (25 fim 
wide, 3.7 mm high) of a compact spectrograph (Oriel Mul- 
tispec) fitted with a 1024 element photodiode array (Oriel 
Intaspec). The plasma was viewed perpendicular to its main 
expansion direction, z. The compact spectrograph/diode ar- 
ray assembly was mounted on a micrometer driven trans- 
verse slide enabling the spectrograph slit to select light from 
sections of the plasma adjacent to the target (z<0.5 mm) to 
sections 30 mm along the z axis. The detection system pro- 
vided wavelength coverage from 350-700 nm at a spectral 
resolution of ~ 1 nm. All recorded spectra were integrated 
over 100 consecutive laser pulses, accumulated at a repeti- 
tion rate of 10 Hz. 

For temporally resolved measurements a gated intensi- 
fied 1024 photodiode array and a digital delay generator 
(DDG) was employed. This detection system had a temporal 
resolution of ~ 100 ns and a spectral resolution of ~ 1 nm. 
All spectra data were corrected for a wavelength variation of 
the intensified photodiode array system. 

Temporally resolved two-dimensional (2D) imaging of 
the total laser-induced plasma emission of a BaFe120,9 target 
was performed using a fast gated, ICCD camera system. 

III. RESULTS AND DISCUSSION 

Figure 1 presents a typical spectrum of the temporally 
integrated plasma emissions observed 2 mm from the target 
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FIG. 1. Temporally integrated emission spectrum recorded at 2 mm from a 
BaFe12019 target at a base pressure of 10"5 mbar. 

surface at a base pressure of 10~5 mbar. Only emission lines 
from Ba and Fe neutrals and singly ionized Ba species were 
observed. Note that no lines could be assigned to ionized Fe 
species in this highly ionized region. This is not surprising 
since Fe+ does not have any strong emission lines in the 
studied wavelength range; presumably its presence is ob- 
scured by strong overlapping emissions emanating from 
other species. 

Furthermore, no bands attributable to diatomic oxide 
molecules such as BaO and FeO could be detected either in 
vacuum or under oxygen atmospheres along the plasma ex- 
pansion axis. The reaction of Ba with 02 to form ground- 
state BaO is exothermic by 0.55 eV for low energy Ba atoms 
and would occur readily for more energetic Ba atoms within 
the plume.4 The BaO formed may undergo collisional exci- 
tation but its weak extended emission band system over the 
range of 450-750 nm renders identification difficult. The 
absence of any identifiable strong BaO in the emission spec- 
tra is not therefore unexpected. 

Conversely, the formation of excited FeO from oxidation 
reactions of atomic Fe species at the plume oxygen interface 
is considered unlikely. The reaction of Fe with 02 is endot- 
hermic by 0.92 eV and does not occur for normal collision 
energies. Some gas phase oxidation might be expected dur- 
ing the earlier energetic phases of plume expansion but the 
FeO formed could dissociate rapidly (dissociation energy of 
FeO is 4.18 eV) by collisions with energetic electrons in the 
high temperature plasma or by single laser photon absorp- 
tion. It is therefore likely that the ultimate Fe content in the 
laser deposited films is mainly incident on the growing film 
in the form of atomic Fe and that appreciable oxidation oc- 
curs on the surface. 

In the neighborhood of the target surface (z<0.5 mm), 
Stark broadened ionic and atomic lines were superimposed 
on a continuum background. The continuous emission, pro- 
duced from a hot dense core has been reported5 during abla- 
tion of several materials. 

In vacuum the intensities of all species fell off by a 
factor greater than 10, over the first 10 mm. The decline is 

attributed to a reduction in electron impact excitation of the 
plasma species as the ion and electron number densities de- 
crease due to free expansion into vacuum. 

Introduction of oxygen caused a marked enhancement of 
the emission at all wavelengths. This is due to confinement 
of the plasma material within a smaller volume by the higher 
ambient oxygen pressure, hence enhancing the rate of colli- 
sional excitation and the corresponding visible emission. A 
continuous increase in emission with oxygen pressure was 
observed in the 0=5 z< 20 mm region. However, for distances 
of 20 to 30 mm, the radiated emission increased and reached 
a maximum at 0.1 mbar above which it fell off. Having 
previously recognized, that the best quality hexaferrite films 
are obtained at 30 mm and 0.1 mbar, it can be insinuated that 
the excited state species provide the necessary surface mo- 
bility to promote perpendicularly (c±) oriented growth. 

It is interesting to examine the nature of the emitting 
species and effective plasma temperatures along the axis of 
the plume at 0.1 mbar. Beginning at 2 mm, the main spectral 
characteristics were similar to those found in vacuum (Fig. 
1) i.e., predominant radiation from Ba+ with less prominent 
emissions from neutral Ba and Fe. However, at distances 
further away from the target, this dominance of Ba+ transi- 
tions slowly receded and stronger emissions from Ba and Fe 
neutrals emerged as a result of collisional recombination pro- 
cesses. Assuming local thermodynamic equilibrium condi- 
tions, the effective temperature of the plasma, as estimated 
from the temporally integrated Ba+ emission line intensity 
ratios decreased over the range 1.4-0.8 eV as the contact 
front of the plume expanded from 2 to 30 mm. The high 
temperatures (9500 K) of the species incident on the growing 
film are thought to facilitate film crystallization and oriented 
growth. 

Further insight into the ablation process was gained by 
recording the temporal evolution of the Ba (553.5 nm), Fe 
(438.3 nm), and Ba+ (614.2 nm) emissions at positions 5, 10, 
and 20 mm from the target, in different oxygen pressures. 
The delay time, at which peak radiation was attained, yielded 
straightforwardly the most probable front axial velocity vz. 
The results indicated that at small distances from the target 
surface (z = 5 mm), the Ba+ species outnumbered the Ba and 
Fe neutral population in agreement with the time integrated 
data. Moreover, the intense ion emission front was observed 
in advance of the corresponding neutral front by 10%-20%. 
Increasing the oxygen pressure up to 0.5 mbar caused an 
increase in the emission intensities and a minor shift in the 
corresponding temporal profiles towards greater delay times. 
It appears, that the dense plasma expands virtually unhin- 
dered by the background oxygen at this region. The expla- 
nation for the nondependence of the species velocity on the 
oxygen pressure is to be found on the mass of the ablated 
products which is large compared to that of the background 
gas, set in motion by the plume.6 

Increase in oxygen pressure had a more pronounced in- 
fluence on the temporal profiles at greater distances from the 
target. Figure 2 shows the Fe (438.3 nm) time traces at 20 
mm. Evidently the emission maximum is increasingly de- 
layed by an increase in oxygen pressure which implies that 
the plasma expansion is slowed by the higher oxygen pres- 
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FIG. 2. Temporally resolved emission profiles of Fe recorded 20 mm from 
the target, in 10~5, 0.1, and 0.5 mbar oxygen. 

sures. Moreover, comparable maximum velocities (vz) were 
obtained for the emission fronts of all the species (—8.4 
X105 cm/s at 0.1 mbar and -4.6X 105 cm/s at 0.5 mbar). A 
closer inspection of the temporal profiles recorded at 20 mm 
revealed a fast and slow component, the latter being emi- 
nently intensified with oxygen pressure. 

At 0.5 mbar the plasma front was cooled to such an 
extent that a decrease in the peak emission was observed at 
the location of 20 mm (Fig. 2). It is apparent that a further 
decrease in the peak emission is expected at the longer dis- 
tance of 30 mm for the same oxygen pressure. At 0.5 mbar 
the luminous plume length is smaller than the target- 
substrate distance of 30 mm and mainly thermalized nonlu- 
minous species, transported by diffusion, reach the substrate. 
The low kinetic energies of the species, together with 
changes from the stoichiometric arrival cation ratio, are re- 
sponsible for the presence of misaligned grains and/or for- 
eign phase in the films grown at pressures much higher than 
0.1 mbar.1 Nevertheless, optimum crystalline and morpho- 
logical properties could be obtained for a target substrate 
distance of about 30 mm at a pressure of 0.1 mbar, i.e., for a 
substrate position within the end of the fully expanded 
plume. 

In Fig. 3 are shown 2D images depicting expanding vis- 
ible Ba ferrite plume in vacuum and 0.1 mbar 1 and 2 fis 
after the laser impact. It is clearly shown that the background 
oxygen pressure confines the plasma slows its expansion and 
enhances the emission particularly at its expansion front. The 
bright luminance at the expansion front, is correlated princi- 
pally with the delayed intense peaks of Fig. 2. 

A qualitative picture of the plasma plume dynamics 
emerges from these spectroscopic results. In vacuum fast 
"hot" highly ionized material expands rapidly in essentially 
a free collisionless expansion, strongly forward directed (vz 

-6.6X106 cm/s), leaving behind it, cooler, slower, mainly 
neutral material. In an oxygen atmosphere, the fast compo- 
nents at the contact front are progressively slowed down re- 

c)lus d)2us 

FIG. 3. ICCD images of the visible plasma emission recorded 1 and 2 /is 
after laser impact upon a BaFe12019 target in an oxygen pressure of 10~5 (a) 
and (b) and 0.1 (c) and (d) mbar. 

suiting in collisional redistribution of high z directed veloci- 
ties into x and y directions7 producing a more homogeneous 
plasma with an equilibrated temperature smaller than 1 eV. 

IV. CONCLUSIONS 

Temporal emission profiles and time resolved ICCD op- 
tical images of the plasma clearly demonstrate, how increas- 
ing the oxygen pressure confines the plasma, slows its ex- 
pansion and enhances the emission particularly at its 
expanding front. It is concluded that the role of oxygen pres- 
sure is not only to supply the oxygen constituent to the film 
but also to slow down the highly energetic species which 
otherwise will cause damage to the deposited layer. 
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A Mn-Zn ferrite with a grain size of about 2 /on has been developed for the transformer driven at 
around 1 MHz. The developed ferrite exhibits considerably lower core losses than a conventional 
Mn-Zn ferrite with a grain size of about 10 /im at a frequency of 0.5 to 2 MHz. The thin-type 
transformer using the developed ferrite driven at 1 MHz shows a high efficiency of more than 95% 
at an output power of 10 to 17 W and a much lower surface temperature rise than the transformer 
using the conventional ferrite.   © 1998 American Institute of Physics. [S0021-8979(98)42211-4] 

I. INTRODUCTION 

Low-profile transformers are necessary to miniaturize 
the power supplies because the transformers are one of the 
largest components of a power converter. Miniaturization of 
the transformers has been investigated in high frequency 
driving up to the MHz range. Therefore, the core materials 
used in the low profile transformer are desired to have low 
core losses at the MHz range. Thus, we have developed a 
fine grained Mn-Zn ferrite1'2 for high frequency driving at 
the MHz range. Moreover the low-profile transformer should 
have the structure, in which uniform flux density in the core 
and current density in the conductor are achieved, to reduce 
the core and copper loss. A conductor-embedded-type trans- 
former has been suggested to meet the needs of the trans- 
former design.3'4 In this article, we report on the performance 
of the fine grained Mn-Zn ferrite and a thin-type transformer 
with the conductor-embedded-type structure using the devel- 
oped ferrite. 

II. EXPERIMENT 

Mn-Zn ferrite with a fine grain was prepared by a con- 
ventional powder metallurgical process. The raw materials 
are hydrothermally precipitated ferrite powder and additives, 
0.01wt%SiO2, 0.021 wt %CaC03, 0.038 wt %Ta205, and 
0.034 wt %Ti02. The composition and the particle size of 
the hydrothermal ferrite powder are Fe2 08Mn0 73Zn01904 and 
about 0.13 /an, respectively. The hydrothermal ferrite pow- 
der and the additives were uniformly mixed with a planetary 
ball mill and calcined at 1173 K in pure nitrogen. The cal- 
cined powder was then pressed into a disk shape and sintered 
at 1348 K for 4 h in the reduced atmosphere of about 30 Pa. 

Core losses of the developed ferrite were compared with 
those of a conventional Mn-Zn ferrite, which is widely used 
as a core material for the driving frequency at less than 500 
kHz. The core losses were measured on the condition of 
BmXf =25 000 [rxHz] at a frequency from 100 kHz to 2 
MHz and Bm= 15 to 75 mT at 1 MHz, where Bm is a peak 

value of the induced flux density and / is driving frequency. 
Dimensions of the samples are an outer diameter of 8 mm, 
an inner diameter of 4 mm, and a thickness of 2 mm. The 
conductor-embedded-type transformers3 were constructed 
using the developed ferrite and the conventional ferrite. A 
ratio of the primary and secondary windings is 2:1. These 
windings were made of a copper foil and separated by a 
polyimido insulator. Efficiency and a temperature rise of the 
transformers were measured on a condition of an input volt- 
age of 30 V under a sinusoidal wave at 1 MHz varying the 
current by changing the load resistance. 

III. RESULTS AND DISCUSSION 

A. Core loss of fine grained Mn-Zn ferrite 

Figure 1 shows the microstructures of the developed fine 
grained Mn-Zn ferrite and the conventional Mn-Zn ferrite. 
The grain size of the developed ferrite is about 2 /mi, which 
is much smaller than the 10 fim of the conventional ferrite. 
Figure 2 shows the frequency dependence of the core losses 
(Pcv) for the developed ferrite and the conventional ferrite. 
The developed ferrite exhibits low Pcv compared with the 
conventional ferrite at a frequency range from 0.5 to 2 MHz. 
Especially at 1 MHz, Pcv of the fine grained ferrite is about 
25% that of the conventional ferrite. Table I shows compu- 
tatively separated loss components of Pcv ,5 which are the 
eddy current loss (Pe), the equivalent dielectric loss (Pd) 

r»«»» ■«■ •* ,s its« ..-. , 
•. ; "   - ••■ 

, lOum 
II——Hi 

Fine grained ferrite Conventional ferrite 
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FIG. 1. Microstructures of the fine grained ferrite and the conventional 
ferrite. 
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FIG. 3. Core losses as a function of B,„ for the fine grained ferrite and the 
conventional ferrite. 

due to displacement currents, the hysteresis loss (Ph), and 
the residual loss (Pr), for the developed ferrite and the con- 
ventional ferrite at 1 MHz. Pr of each ferrite occupies a large 
part of the Fcv, the ratio of Pr on Pcv in the developed ferrite 
and the conventional ferrites are 54% and 87%, respectively. 
Pr of the developed ferrite is about 85% lower than that of 
the conventional ferrite. Pcv of the developed ferrite, there- 
fore, is lower than that of the conventional one. It has been 
reported that the core losses of ferrites in the MHz range are 
reduced with a decreasing of the grain size.6-9 Although not 
understood sufficiently, the cause of this effect is supposed 
that any magnetic resonance would be suppressed. For ex- 
ample, the suppression of natural resonance can be consid- 
ered. It is known that the domain of ferrites is subdivided 
with a decreasing of the grain size.10 With the decrease of the 
domain size, the number of domain walls per volume in- 
crease; therefore, the amplitude of vibration in each domain 
wall is reduced in the same Bm. In other words, the switch- 
ing frequency of the spin inside the domain wall (fs) is 
reduced. The low Pr of the developed ferrite is presumably 
caused by the suppression of the natural resonance for the 
spin inside the domain wall11 at 1 MHz owing to low fs. 

In power supplies the input capacity (Pin) is an elemen- 
tal property. Fin is expressed by the following equation:12 

Pin=4.44X/X5mXATX/XAce,    [W], (1) 

where / is switching frequency, Bm is maximum flux den- 
sity, AT is turn number of windings, / is input current, and Ace 

is effective core cross sectional area. It is clear from the Eq. 
(1) that Pm is determined by fXBm and allowable fXBm is 
limited by the core losses. Figure 3 shows the core losses as 
a function of Bm for the developed ferrite and the conven- 

TABLE I. Each loss component at a frequency of 1 MHz, B,„ of 25 mT for 
the developed ferrite and the conventional ferrite. 

Sample p l cv Pe Pä Pk                 Pr 

Developed ferrite 
Conventional ferrite 

54.8 
218 

1.2 
0.2 

0.1 
0.5 

24.0         29.5 
26.3        191 

unit: kW/m3 

tional ferrite at 1 MHz. At the same level of the core loss, Bm 

of the developed ferrite is larger than that of the conventional 
ferrite. For instance, Bm of the developed ferrite is about 1.6 
times larger than that of the conventional ferrite at 
400 kW/m3. Therefore, the transformer using the developed 
ferrite is expected to achieve a higher Pm when compared 
with the transformer using the conventional ferrite in the 
same transformer configuration. In other words, it is possible 
to miniaturize the transformer by using the developed ferrite 
in the same Pin because N or Ace can be reduced owing to 
the large Bm. 

B. Performance of conductor-embedded-type 
transformer using fine grained ferrite 

We made a conductor-embedded-type transformer3 us- 
ing the developed ferrite and the conventional ferrite to con- 
firm the performance of the developed ferrite as a thin-type 
transformer for a high frequency converter. Figure 4 shows 
the structure of the transformer. In the conductor-embedded- 
type transformer, the primary and secondary coils were ar- 
ranged in the ferrite core and the height of the transformer is 
only 3 mm. Moreover, minimized flux leakage, uniform flux 
density, and current density are achieved by having an en- 

Ferrite core 
\ Primary planer coil 

(2turns, 35|xm in thickness) 

Insulator (0.4mm in thickness) 

Secondary planer coil 

'(Hum, 35|im in thickness) 

12mm 

FIG. 4. Structure of conductor-embedded-type transformer. 
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FIG. 5. Output power (P), efficiency (rj), and surface temperature rise 
(AT) on the conductor-embedded-type transformers as a function of output 
current (/). 

closed conductor within the ferrite.3'4 Figure 5 shows the 
output power (P), efficiency {rj}, and surface temperature 
rise (AT) of the transformers as a function of the output 
current (/). The transformers exhibit a high r) of more than 
95% at an output power of 10 to 17 W. High efficiencies are 
presumably associated with the structural characteristics, as 
mentioned above. AT of each transformer increases with in- 
creasing /, because the copper losses its increase. The trans- 
former using the developed ferrite shows a high 77 and a low 
AT as compared with that of the conventional ferrite. A clear 
difference between the two transformers can be seen in AT. 
AT of the transformer using the developed ferrite is about 
10 °C lower than that of the conventional ferrite irrespective 

of /. The low AT is caused by the low core loss of the 
developed ferrite at 1 MHz. For the safe operation of trans- 
formers, AT" is limited in the transformer design.13 In the 
limited AT, the maximum power capacity of the transformer 
using the developed ferrite is higher than that of the conven- 
tional ferrite. For instance, at the same level of AT, 30 °C, 
the power capacity of the transformer using the developed 
ferrite is 40% larger than that of the conventional ferrite. 
Therefore, the fine grained ferrite is expected to be useful as 
the core material for the transformers driven at a high fre- 
quency around 1 MHz and the conductor-embedded-type 
transformer using the fine grained ferrite is effective in real- 
izing the low profile and high-density switching converter. 

IV. CONCLUSION 

We have developed the fine grained Mn-Zn ferrite with 
a grain size of 2 /im. The developed ferrite exhibited low 
core losses as compared with the conventional Mn-Zn fer- 
rite at a frequency range from 0.5 to 2 MHz. Therefore, at 
the same level of core loss, it is possible for the developed 
ferrite to drive in a high flux density at a high frequency. The 
thin-type transformer, the conductor-embedded type, using 
the developed ferrite shows high efficiencies and low surface 
temperature rises at the driving frequency of 1 MHz when 
compared with the transformer using the conventional fer- 
rite. It is concluded that the fine grained Mn-Zn ferrite is 
suitable for high frequency driving and effective in achieving 
the transformers with a low profile and high power density. 
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Particle size dependence of rotational responses in Ni-Zn ferrite 
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Active powders of Ni-Zn ferrite were synthesized by soft chemical approaches and were processed 
with varying concentrations of Bi203. The sintered products were characterized extensively using a 
vibrating sample magnetometer, scanning electron microscopy, and resistivity techniques. The loss 
factor and the permeability have been evaluated. At an optimum concentration of Bi203 doping the 
loss factor has been reduced by 20%. The rotational responses are found to be strongly dependent 
on particle size.   © 1998 American Institute of Physics. [S0021-8979(98) 19611-1] 

I. INTRODUCTION 

High electrical resistivity and low magnetic coercivity 
make Ni-Zn ferrite a technologically important material for 
applications in the megahertz frequency region.1'2 The per- 
formance characteristics of these ferrites in this frequency 
region are being improved by following a variety of syn- 
thetic approaches and selective grain and grain-boundary 
doping.3 The main focus is to reduce the loss factor at the 
operational frequency and to improve the rotational re- 
sponses. As the main loss mechanism in the megahertz fre- 
quency region is due to an eddy current, efforts are being 
made to increase the resistivity of this material further so as 
to considerably reduce the loss. Within the same chemical 
composition of the material under consideration, the perfor- 
mance characteristics are determined by the microstructural 
features, viz., size, shape, and orientation of individual 
particles.3 To tailor these materials, a new concept of micro- 
structural engineering has been evolved in the scientific lit- 
erature. Recently we have been able to reveal a useful 
microstructure-magnetic permeability correlation in Ni-Zn 
ferrite.4 It is shown that the initial permeability of this mate- 
rial and the frequency at which the loss factor gives a mini- 
mum strongly depend on the microstructural features of this 
material. 

In the present work, we have followed soft chemical 
approaches to synthesize fine particles of Ni-Zn ferrite (<50 
nm) as the conventional ceramic method yielded particles of 
bigger size (>1 fim). High resistivity Bi203 is doped at the 
grain boundary in different proportions. The choice of Bi203 

is based on the fact that it is nonmagnetic, it has a low 
melting temperature, and it is a nonferrite forming oxide. 
The loss factor has been reduced substantially at optimal 
doping of 2 wt % Bi203. We have been successful in show- 
ing a clear correlation between rotational responses and the 
microstructure in Ni-Zn ferrite. 

II. EXPERIMENT 

Active powders of Ni-Zn ferrite, (a representative com- 
position Ni0 8Zn0 2Fe204) have been synthesized by a soft 
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chemical method at a temperature as low as 80 °C with a 
saturation magnetization of 45 emu/g and particle size <50 
nm. Details of the synthesis are described elsewhere.5 This 
active powder is divided into five batches and they were 
mixed with 0, 1,2, 4, and 6 wt % Bi203 (the samples are 
labeled as BO, Bl, B2, B4, and B6, respectively). This mix- 
ture was mixed with 2 wt% PVA and pressed into torbid and 
pellet forms. The toroids and pellets were then sintered in air 
at 1100 °C for 1 h. 

The microstructural features of all the samples were ob- 
tained using a (Leica-Cambridge 440) scanning electron mi- 
croscope (SEM). The sintered pellets were fractured to ex- 
pose the inside portion and mounted onto a specimen 
mounting stub. The samples were coated by a thin layer of 
gold to prevent charging of the specimen. The porosity of the 
material is calculated from the density of the material and the 
theoretical density. For the theoretical density calculation it 
is assumed that the doped Bi203 exists as such. The initial 
permeability (/z,-) and the loss factor (tan <5/*,-) of all the 
toroids were evaluated using a Q meter (HP 4192) in the 
frequency range 1-40 MHz. The two probe dc resistivity of 
all the samples was measured using an Impedance bridge 
(General Radio 1608A). Both surfaces of the pellets were 
coated with conducting silver paste before being sandwiched 
between the two electrodes of the sample holder for im- 
proved electrical contact. The Curie temperature (Tc) and 
the saturation magnetization at room temperature for all the 
samples were measured using a vibrating sample magneto- 
meter (EG&G PAR 4500). The room temperature saturation 
magnetization was obtained from the hysteresis loop mea- 
surement in a field range of ± 15 kOe. The (Tc) was obtained 
from the temperature dependence of magnetization. 

III. RESULTS AND DISCUSSION 

Figures 1(a) and (b) show the scanning electron micro- 
graphs of samples B0 and B2, respectively. It is clearly seen 
from the micrographs that the undoped sample, B0, has an 
average particle size of —300 nm. With 2 wt % Bi203 doping 
the grains have grown substantially to ~3 /xm. The particle 
sizes obtained from the scanning electron micrographs of all 
the samples (B0, Bl, B2, B4, and B6) are given in Table I. It 
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FIG. 1. The SEM of (a) BO and (b) B2. The micrograph shown in (c) is an 
enlarged version of (b). 

is clearly seen from Table I that the particle size remains 
unchanged for different degrees of Bi203. For the Bi203 

doped samples, the presence of an additional phase is seen at 
the grain boundaries and is assigned to the presence of doped 

Bi203 at the grain boundary. This is clearly shown in Fig. 
1(c) which is an enlarged micrograph of Fig. 1(b). 

Figure 2 shows the temperature dependence of the mag- 
netization for samples BO, Bl, and B6. It may be seen from 
Fig. 2 that the Tc~485 °C for all the samples. The (Tc) for 
the undoped as well as for the Bi203 doped samples is the 
same, indicating that the doped Bi203 has not altered the 
cation distribution or the chemical composition of the ferrite 
phase. Hence it is concluded from the magnetic measure- 
ments and SEM micrographs that the doped Bi203 has been 
trapped in the grain boundaries. The inset in Fig. 2 shows the 
hysteresis loop for BO and B6. The magnetization at 15 kOe 
is less for B6 compared to that of BO. This is due to the 
presence of nonmagnetic Bi203 along with the ferrite phase. 

In Table I, the room temperature electrical resistivity, the 
porosity, and the initial permeability (//,,) measured at 5 
MHz of all the samples are given along with the particle size. 
The resistivity of BO is of the order of 106 Cl cm. For Bi203 

doped samples the resistivity is considerably increased by 
two orders of magnitude (~108 Cl cm). It has been shown 
that the resistivity of Ni-Zn is comprised of grain and grain- 
boundary resistivities.6 Hence the increase in resistivity for 
the doped samples is assigned to the increase in the inter- 
granular resistivity due to the presence of high resistivity7 

Bi203 at the grain boundary. The porosity of the samples 
decreased with an increase in the % of Bi203 of doping. This 
is because of the filling of the voids by the doped Bi203. 

The initial permeability of the undoped sample is —37. It 
is known that the permeability of a polycrystalline sample is 
described as the superposition of two magnetization mecha- 
nisms, i.e., spin rotation and domain-wall motion8'9 so that 

where ^spin and Xdw are magnetic susceptibility due to spin 
rotation and domain-wall motion, respectively. For single 
domain particles the contribution to permeability from 
domain-wall motion is absent. BO posseses submicron par- 
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TABLE I. Average particle size, room temperature electrical resistivity, porosity, and initial permeability of 
Ni0 8Zn0 2Fe204 with different Bi203 doping levels. 

Sample BO Bl B2 B4 B6 

Percentage of Bi203 doping 
Average particle size 
Resistivity ft cm 
Porosity (%) 
Initial permeability ixt 5 MHz 

0 
-300 nm 
3.5X106 

13 
37 

1 
—3 /ttm 

6.7X108 

9.7 
75 

2 
~3 /xm 

5.2X108 

6.5 
70 

4 
—3 fim 
4X108 

5.8 
64 

6 
—3 /im 

3.5X108 

5.4 
48 

tides which are single domain particles. For B1 the perme- 
ability is —75 and the particle size is —3 /jm. van der Zaag 
et al.10 have earlier shown that particles with sizes 3=3 fim 
are multidomain. Hence the contribution from the domain- 
wall motion enhances the initial permeability of Bl. For 
Bi203 doped samples the particle size remains unchanged; 
however the permeability decreases as the % of Bi203 in- 
creases. This is likely to be due to the incorporation of ex- 
cess nonmagnetic material between the grains. 

Figure 3 shows the loss factor V* frequency curves of all 
the samples. The loss factor has been substantially reduced 
by 20% up to 2 wt % Bi203 doping compared to the undoped 
sample. A further increase in the Bi203 concentration in- 
creases the loss factor. The frequency at which the loss factor 
gave a minimum (/i0SSmin) shifted to low frequency for the 
Bi203 doped samples. For the undoped sample /iossmin ~25 
MHz whereas for the Bi203 doped samples /iossmjn ~5 MHz. 
This is due to the increase in grain size for the doped 
samples. Although the porosity of the samples is progres- 
sively decreasing, /iossmjn remains unchanged for the doped 
samples. The interesting observation that (i) the grains grow 
substantially with Bi203 doping, (ii) the grain size of the 

sintered ferrites, however, remains same for different degrees 
of Bi203 doping, (iii) /iossmin shifts from —25 to ~5 MHz on 
doping, (iv) /lossmjn remains unchanged from B1 to B6, and 
(v) the initial permeability is increased substantially for Bl 
compared to BO, suggesing that the rotational responses are 
particle size dependent. 

IV. CONCLUSION 

Fine particles of Ni-Zn ferrite were synthesized and pro- 
cessed with varying concentrations of Bi203 and the doped 
Bi203 is distributed in the grain boundaries as evidenced by 
scanning electron micrographs and the (Tc) measurements. 
The resistivity of the material is increased considerably due 
to the presence of high resistivity Bi203 at the grain bound- 
aries. The Bi203 doping has increased the particle size of the 
material considerably. It is observed that the rotational re- 
sponses are particle size dependent rather than porosity. With 
optimal doping of 2 wt % Bi203 we could reduce the loss 
factor considerably (20% reduction). We have developed a 
low power-loss material and demonstrated the dependence of 
rotational response to particle size in Ni-Zn ferrite. 
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We have produced MnZn ferrites via high-energy ball milling (HEBM) of elemental oxides MnO, 
ZnO, and Fe203. X-ray diffraction (XRD) indicates a pure phase spinel forms after 21 h of HEBM. 
Extended x-ray absorption fine structure (EXAFS) analysis shows a nonequilibrium cation 
distribution, with an unusually high population of Zn cations on the octahedral sublattice. We then 
used EXAFS modeling to study cation site occupancy in an equilibrium MnZn-ferrite standard 
subjected to HEBM. We found that HEBM produces an increased preference for octahedral-site 
occupation among all cations for milling durations up to 300 min. After an initial improvement in 
magnetic properties, the magnetization diminishes steadily throughout this interval. With further 
increases in milling duration these structural and magnetic trends reverse, possibly due to annealing 
effects evidenced by XRD.   © 1998 American Institute of Physics. [S0021-8979(98)42311-9] 

The technique of high-energy ball milling (HEBM) has 
been the subject of great interest in recent years due to its 
promise for producing improved and/or novel materials 
through mechanical attrition or alloying.1 Spinel ferrites are 
particularly attractive candidates for such processing studies 
due to their importance both in solid-state microwave de- 
vices and in soft magnet applications where loss minimiza- 
tion is critical.2 Despite these motivations, there have been 
few investigations of ferrite production via ball milling. 

In an early work, Lefelshtel et al.3 attempted to alloy 
ZnO and Fe203 in a ball mill, achieving partial conversion to 
ZnFe204 according to x-ray diffraction (XRD). Peaks asso- 
ciated with the elemental oxides were still dominant. More 
recently, Kosmac and Courtney4 subjected ZnO and Fe203 to 
HEBM and found that Zn ferrite became the dominant phase 
after 2.5 h. However, no trace of the spinel phase was seen 
by XRD after another 2.5 h milling. Similar results were 
achieved in the alloying of Ni ferrite from NiO and Fe203. 
Subsequently, Jovalekic et al.5 combined NiO and Fe203 and 
attributed all peaks in the XRD pattern to the spinel phase 
after milling 35 h, with little change in the XRD pattern upon 
subsequent milling. In a different application of ball milling, 
Hamdeh et al.6 subjected partially inverted ZnFe204 to 
HEBM for 10 h, increasing the inversion parameter and the 
magnetization. 

In this article, we report the formation of MnZn ferrite 
from HEBM of MnO, ZnO, and Fe203. We find these milled 
ferrites have low temperature magnetization and coercivity 
equal to those processed via traditional ceramic processing 
techniques. We provide structural analysis of the product 
through both XRD and extended x-ray absorption fine struc- 
ture (EXAFS) studies. Multiple scattering EXAFS analysis7 

shows the milled ferrites to have a higher inversion param- 
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eter than a standard ferrite of similar stoichiometry, with an 
unusually high population of Zn ions on the octahedral sub- 
lattice. 

Modification of the MnZn ferrite standard by HEBM 
was also performed. EXAFS analysis reveals that HEBM 
increases octahedral-site occupation among all cations for 
times up to 5 h. Superconducting quantum interference de- 
vice (SQUID) magnetometry indicates improved magnetic 
properties in samples milled for short durations, followed by 
diminished magnetization with increased milling. With mill- 
ing durations greater than 5 h the structural and magnetic 
trends reverse, possibly due to annealing effects. 

Processing of MnZn ferrite was accomplished by com- 
bining MnO, ZnO, and Fe203, totaling 5 g, with the molar 
ratio 1:1:2 in the steel vial of the SPEX 8000 high-energy 
shaker mill. The vial was loaded with two stainless steel 8 g 
balls and two 1 g balls in air and shaken at about 1200 Hz. In 
order to maintain an equal balhpowder mass ratio for all 
samples, the vial was cleaned and reloaded with 5 g of new 
material for each milling trial. 

Modification of a standard MnZn ferrite, prepared by 
traditional fire-and-grinding techniques, was achieved by 
subjecting 2.6 g samples of the standard to HEBM for peri- 
ods ranging from 0.5 to 9 h. 

Samples were characterized for their structural proper- 
ties using XRD and EXAFS, and for their magnetic proper- 
ties using SQUID magnetometry. 0-20 XRD scans were per- 
formed using a Philips XRG 3100 x-ray generator and Cu 
Ka radiation. Refinement analysis leading to calculation of 
the lattice parameter was performed using the Philips APD™ 
software package. 

EXAFS data were collected using beamlines X23B and 
X23A2 of the National Synchrotron Light Source at 
Brookhaven National Laboratory. The beamlines use double- 
crystal, fixed-exit monochromators, with Si (111) crystals in 
X23B and Si (311) crystals in X23A2. All spectra reported 
here were collected using the transmission technique.8 The 
storage ring current and energy at the time of data collection 
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were 200-350 mA and 2.5 GeV, respectively. Samples con- 
sisted of powders spread uniformly onto adhesive tape with 
several layers of powdered tape constituting a single sample. 
The number of layers was chosen empirically to provide 
nearly one absorption length at the absorption edge being 
measured. 

EXAFS analysis followed established procedures9 lead- 
ing to the Fourier transformation of EXAFS data to radial 
coordinate space (Ä). Quantitative analysis of the cation dis- 
tribution followed the approach previously employed by 
Harris et al.1 which included the least-squares fitting of 
multiple-scattering simulated XAFS data generated using the 
codes of Rehr et al.10 

Portions of XRD patterns for the starting material, the 
sample ball-milled 21 h, and a standard Mn0 5Zn0 5Fe204, 
prepared by conventional ceramic techniques, are shown in 
Fig. 1. The calculated lattice parameter for the standard is 
8.431 Ä. 

The XRD scan for the starting material contains peaks 
characteristic of MnO, ZnO, and Fe203 phases. However, 
after 21 h milling, peaks only attributable to the MnZn ferrite 
phase are observed, with even the most intense peaks in the 
starting material's data (see, for example, 20=33.5°, 50°, 
and 54.5°) no longer visible. XRD features for the milled 
samples have broadened and have reduced amplitudes coin- 
ciding to the formation of fine-grained strained particles 
which are characteristic of the HEBM technique. The calcu- 
lated lattice parameters for the 21 h and 40 h milled ferrites 
are 8.422 and 8.429 Ä, respectively. 

Hysteresis loops, i.e., M vs H curves, collected using a 
SQUID magnetometer at 10 K reveal that the MnZn ferrite 
processed through ball milling is equal in magnetization and 
coercivity to that of the standard. These data are collected at 
low temperatures to overcome the superparamagnetic contri- 
bution of the milled sample. 

Fourier transformed (FT) EXAFS data collected from 
Fe, Mn, and Zn K absorption are shown in Fig. 2. Trans- 
forms for the 40 h ball-milled sample are compared with 
similar data collected from the standard. The positions of the 
Fourier peaks typically correspond to bond distances (uncor- 
rected for electron phase shifts) between the absorber and the 
backscatterers, while the amplitudes arise predominantly 
from the coordination and the atomic order of atom shells at 
that distance. The Fourier peaks seen in Fig. 2 have been 
assigned to atom pair correlations within the ferrite unit 
cell.11 The appearance of Fourier peaks of significant ampli- 
tude over the full range of r space indicates that the ferrite 
forms with both short-range and long-range ordering. 

In Fig. 2 the data sets in each panel are plotted on dif- 
ferent y-axis scales. The reason for this is the reduced Fou- 
rier peak amplitudes characteristic of the large atomic disor- 
der created by the ballistic nature of HEBM processing. It is 
interesting to note that the near neighbor oxygen peaks do 
not experience large disorder, whereas the cation-cation and 
next near neighbor oxygen correlations are strongly affected. 
We postulate that the strong ionic character of the metal- 
oxygen bound maintains the structural integrity of the poly- 
hedra subunits and defines the cleavage planes to occur be- 
tween polyhedra joined at edges and corners. 

dL 

Mn   Zn   FeO 
0.5       0.5      2    4 

standard 

U. J L U 
21 hrs. milling 

| liiJy\iiiAilyiilAJl 
S3 

starting mixture 

25      30      35     40     45      50      55     60     65 
29 

FIG. 1. Partial 9-26 x-ray diffraction scans illustrating ferrite formation 
from the ball milling of elemental oxides (radiation used was Cu Ka). 

The chief feature in the Fourier transform which signi- 
fies tetrahedral-site (A-site) occupancy for the absorber is the 
peak near 3.1 Ä [denoted A on panel (a)]. The peak's ampli- 
tude predominantly arises from the scattering of 12 B-site 
cations and 12 anions centered near 3.48 Ä. The octahedral- 
site (B-site) absorber is similarly fingerprinted by a peak near 
2.6 Ä [denoted B on panel (a)]. The amplitude arises solely 
from the scattering of six B-site cations and six anions cen- 
tered near 2.97 A (both Fourier peaks are shifted to small r 
due to electron phase shifts). The amplitudes of these peaks 
reflect qualitatively the distribution of absorbing cations on 
the A and B sites. 

In comparing the B:A peak ratios of the sample milled 
40 h to the standard, one infers that the milled sample pos- 
sesses a higher fraction of Fe and Mn cations on the A sub- 
lattice, while an unusually high population of Zn cations re- 
sides on the B sublattice. Numerous studies have established 
that Fe and Mn cations may occupy both A- and B- sites 
depending upon the type and amount of other cations 
present. Zn cations, in contrast, do not typically occupy B 
sites. However, recent work by Hamdeh et al.6 suggests that 
ball milling of partially inverted Zn ferrite aerogels increases 
B-site filling by Zn cations. 

Stabilization of nonequilibrium cation distributions was 
subsequently investigated through HEBM of the MnZn fer- 
rite standard. FT Mn EXAFS data for the standard and 
samples ball milled between 45 and 540 m are shown in Fig. 
3. All of the features to be discussed in this report are also 
seen in Fe and Zn EXAFS. 

The inset in Fig. 3 shows the ratio of the amplitudes of 
the B and A peaks as a function of milling time. Up to 5 h, 
all cations show increased B-site occupation with milling 
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FIG. 2. Fourier transformed (a) Fe, (b) Mn, and (c) Zn EXAFS data from 
MnZn ferrite formed after 40 h of milling and from the standard (k weight- 
ing for all data is k3 with k ranges of (a) 2.85-13.4, (b) 3.1-11.7, and (c) 
2.5-12.6Ä"1). 

duration. However, this trend reverses after 5 h for all cat- 
ions, with the distribution returning to near equilibrium for 
Fe and Mn cations after 9 h milling. 

Particle size analysis was performed using the Scherrer 
method. Though the technique is not definitive as it ignores 
line broadening in the XRD pattern due to strain, it is inter- 
esting that this analysis indicates a trend of decreasing par- 
ticle size for durations between 0.75 and 5 h, with the thick- 
ness dropping from 16.6 to 11.2 nm. This trend then 
reverses, yielding a crystallite diameter of 13.6 nm after 9 h 
milling. The direct correlation between particle size measure- 
ments and B-site occupation by cations suggests that the al- 
tered site distribution may be due to a modified surface struc- 
ture, possibly arising from oxidation of cations near the 
surface. This is consistent with recently reported models by 
Chen et al.12 and van der Zaag et al.13 Charge conservation 
is provided by the creation of additional vacancies on the A 
sublattice, as seen by the reduced A peak in the FT EXAFS 
data. 
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FIG. 3. Fourier transformed Mn EXAFS data for milled samples and start- 
ing material. Data are k3 weighted with k range of 3-11.7 Ä"1. 

SQUID magnetometry shows that after 0.5 h milling, 
samples possess increased low-temperature saturation mag- 
netization and reduced anisotropy fields. These improve- 
ments may be due to enhanced imbalance between sublattice 
moments resulting from segregation of Mnm ions to the B 
sublattice. However, upon further milling, magnetization di- 
minishes rapidly until after 5 h, when improvement again 
occurs, yielding a magnetization in the sample milled 9 h 
that is similar to the standard. XRD measurements indicate 
that some dissociation occurs and increases with milling du- 
ration, peaking near 5 h, after which this trend reverses. This 
suggests that the reduced magnetization may arise from the 
presence of secondary phases. 
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The effect of grain size, D, on the intragranular domain state and initial permeability, /*,•, of 
polycrystalline MgMnZn ferrites has been investigated. The intragranular domain state is found to 
change from mono- to two domain at D = 2.9 ±0.2 ^m. Despite this change, /x, follows a 
continuous dependence on D, which can be described by the nonmagnetic grain boundary model. 
The results show that in spinel ferrites with an anisotropy of 72 J/m3, ^, is still due to rotation of 
magnetization.   © 1998 American Institute of Physics. [S0021-8979(98) 19711-6] 

I. INTRODUCTION 

It is well known that the initial permeability, ^,-, of 
polycrystalline soft ferrites depends on grain size, D. The 
traditional domain wall size (DWS) model by Globus and 
co-workers considers this grain size dependence to be due to 
bulging of a domain wall spanning each ferrite grain.1 Re- 
cently, a different model has been proposed.2"4 In this non- 
magnetic grain boundary (NMGB) model, fit of polycrystal- 
line ferrites is considered to be influenced by a "non"- 
magnetic grain boundary. In this model rotation of 
magnetization is the dominant mechanism for /x;. 

We have shown by neutron depolarization5 that in MnZn 
ferrites with grain size D<3.8/xm, the grains are mon- 
odomain and intragranular domain walls are absent. ' (The 
occurrence of a monodomain state in these fine-grained 
MnZn ferrites has been confirmed by magnetic force 
microcopy.8) Since intragranular domain walls are absent at 
D<3.8 yam, ix,{ must be due to rotation of magnetization in 
these MnZn ferrites. Moreover, up to D= 16 /an, the D de- 
pendence of (it could be described by the NMGB model, 
without a discontinuity at the transition from the mono- to 
two-domain state.7 This also shows for two-domain MnZn 
ferrites, which contain an intragranular domain wall, that //,,• 
is due to rotation. The MnZn ferrites considered thus far 
have a low anisotropy, K, of 32 J/m3.7 One might wonder to 
which extent the results obtained apply to ferrites with a 
higher anisotropy. For this purpose the intragranular domain 
state as well as /x,- of a series of MgMnZn ferrites with con- 
stant composition but varying grain size were studied. 

II. EXPERIMENTAL PROCEDURES 

Ferrites with composition Mgo.gZno^Mn^Fe!.85O3.925 
were prepared by conventional ceramic processing. 
MgMnZn ferrites of this composition have a Curie tempera- 
ture, Tc, of 220 °C and spontaneous magnetization, /J,0MS , 
of 0.32±0.01 T at 20 °C. By using different milling proce- 

a)Author to whom correspondence should be addressed; electronic mail: 
zaag@natlab.research.philips.com 

dures and adjusting the sinter temperature between 1100 and 
1350 °C, polycrystalline ferrites with a grain size between 
0.5 and 8.0 /jtm were prepared. The mean linear intercept, D, 
is taken as a measure of the grain size, because it gives an 
unequivocal definition of grain size independent of the grain 
shape. D was determined from micrographs, depending on 
the grain size, either taken by a scanning electron microscope 
(Philips, SEM 515) or an optical microscope. Sample porosi- 
ties varied between 2% and 10%. The magnetic domain size 
in the thermally demagnetized state was determined at room 
temperature by neutron depolarization.5 The initial perme- 
ability, [JLj, was determined between -50 and 250 °C, at a 
frequency of 10 kHz and an induction level S«0.04 mT. 

III. RESULTS AND DISCUSSION 

Figure 1(a) shows a SEM micrograph of the finest- 
grained MgMnZn ferrite used in this study with D = 0.51 
±0.05 fim. Figure 1(b) shows an optical micrograph of the 
coarsest-grained ferrite in this study with D = 8.0±0.8 fim. 

Figure 2 gives the results of a neutron depolarization 
(ND) study at zero magnetic field of the domain size, A, 
versus the grain size, D, for Mg08Zn02Mn0jFe, 8503925. It is 
important to note that ND determines the average domain 
size within the bulk of a magnetic material. As neutrons 
traverse the grains in a bulk material on random chords, A 
determined by ND also corresponds to a mean linear inter- 
cept value. Figure 2 shows similarly to the observations in 
other ferrites,6'7'9 that at low D values the domain size is 
equal to the grain size as can be seen by comparison to the 
solid line for which A/D= 1. At D>2.9 /im the data points 
follow the dashed line. This line corresponds to the ratio 
A/D = 0.63 calculated for the two-domain state6 and con- 
firmed in previous experiments on MnZn ferrite7'8 and NiZn 
ferrite.9 Hence, for D>2.9 //.m a domain wall appears to be 
present in these MgMnZn ferrites. This difference in intra- 
granular domain state is reflected in the MHz dissipation, as 
has been demonstrated and discussed in more detail 
previously.9 Figure 3 displays the loss factor tan S//JL at 5 
MHz vs D for the MgMnZn ferrites. A reduction of the loss 
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FIG. 1. Micrographs of the microstructure of two representative MgMnZn 
ferrites: (a) the finest-grained sample, grain size D = 0.51 ±0.05 /rai, (b) the 
coarsest-grained sample, Z)=8.0±0.8 /im. 

factor at the grain size at which the MgMnZn ferrites become 
monodomain is observed.10 

Theoretically with decreasing grain size a transition 
from a two- to a monodomain state is expected for an iso- 
lated particle, because the domain wall energy scales with 
the domain wall area as =D2, whereas the magnetostatic 
energy decreases more rapidly with D3.11 A complication in 
the case discussed here is that the situation of an isolated 

A (um) 

D([im) 

FIG. 2. The domain size A as a function of grain size D for 
Mgo.8Zno.2Mn0 ,Fe] 8503 925. The solid line corresponds to A/D= 1, the ratio 
corresponding to monodomain grains; the dashed line corresponds to A/D 
= 0.63, the ratio corresponding to grains in the two-domain state. 
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FIG. 3. The loss angle tan (<5)//X; at 5 MHz vs grain size for the same 
MgMnZn ferrite composition. 

particle is not met in densely sintered ferrites. Hence, in the 
calculation of the critical grain size, Dc, at which this tran- 
sition occurs, the reduction of the magnetostatic energy by 
the soft-magnetic environment has to be taken into account. 
In a first approximation,9 this can be done by using the iso- 
tropic permeability correction proposed earlier for the calcu- 
lation of Dc (mean intercept value).7 Applying this correc- 
tion to the rigorous, analytical expressions derived by 
Brown12 for the upper and lower grain size limits at which an 
isolated particle becomes monodomain yields: 

D( 

Dr 

= 3.6 

= 28 

^   3 ßic 

A  3 f-ic 
7T + 

K   3  ßic 

\IIQM
2

S 

(1) 

(2) 

with A the exchange constant and fiic the initial permeability 
at Dc. Using the numerical values for the MgMnZn ferrite 
studied here: A = 3.4X 10"12 J/m, At!C~150 (see below), K 
=«72 371^ and /a0M5 = 0.32T yields 0.32 /an as a lower 
limit and 4.7 ^m as an upper limit for Dc. In view of the 
approximations made to account for the soft-magnetic envi- 
ronment, the experimentally found Dc=2.9±0.2 fim seems 
reasonable. Micromagnetic theory is being developed which 
will deal more accurately with the soft-magnetic environ- 
ment and interparticle interactions.13 

For D<2.9 pm intragranular domain walls are absent. 
Thus in this range the domain wall size (DWS) model1 can- 
not hold. It is therefore of interest to investigate the //,,- of 
these MgMnZn ferrites in this range and just above Dc, 
where an intragranular domain wall is present. The results of 
such a study are presented in Fig. 4. Figure 4 gives fit at 
room temperature versus D for the same MgMnZn ferrite 
composition for which A has been determined. The /*,- data 
were corrected for variations in porosity, p, using the 
expression2: 

l+p/2 

\-p 
(3) 
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FIG. 4. The initial permeability jU,-(eff) vs grain size. The curve traced 
through the data is a fit to the nonmagnetic grain boundary model for /i,-. 

The curve in Fig. 4 is a least-squares fit to the NMGB 
model' 2-4. 

fi,(e££) = (4) 

in which fi, is the bulk intrinsic initial permeability and <?the 
nonmagnetic grain boundary thickness. The best fit given in 
Fig. 4, was obtained with /i,-=329±31 and S=9A±0J nm. 
For D>6 /urn, the fit to the NMGB model deviates from the 
data. Further analysis showed that this is due to mfragranular 
porosity, which only occurs in samples with D > 6 /xm [com- 
pare Figs. 1(a) and 1(b)]. This is the result of the higher 
sinter temperature (1350 °C) used. Due to increased grain 
growth at these temperatures, pores can no longer follow the 
moving grain boundaries during the sintering. Consequently, 
they become locked within the grains.14 The interesting as- 
pect of Fig. 4 is that while intragranular domain walls are 
present at D>2.9 fim no extra contribution to /*,- is ob- 
served. The NMGB model can describe the D dependence of 
fij both in the mono- and two-domain regime. This also im- 
plies that in these MgMnZn ferrites the initial permeability is 
of rotational origin. A similar conclusion has been derived 
for low anistropy (K=32 J/m3) MnZn ferrites.7 Apparently, 
at the higher K of this MgMnZn ferrite (K~72 J/m3), the 
initial permeability is of rotational origin also when intra- 
granular domain walls are present within the grains. 

Finally, we investigated the effect of temperature on the 
values found for S. The results are given in Fig. 5 and were 
obtained from fits of Eq. (1) of yu., vs D at various tempera- 
tures. Only data for which D<6 /xm were used to avoid the 
problem of intragranular porosity mentioned above. Interest- 
ingly, in the case of MgMnZn ferrite, 6 is found to be tem- 
perature dependent. This shows that S cannot be considered 
nonmagnetic, and is better considered a "hard" magnetic 

8(nm} 

T(K) 

FIG. 5. The width of the nonmagnetic grain boundary S vs temperature T 
for MgogZno^MoojFe! 8503 925. The term S was determined from fits as 
shown in Fig. 4. Note that S depends on T. 

grain boundary,7 i.e., having a high anistropy due to spin 
canting as found for ultrafine ferrite particles.15 

IV. CONCLUSION 

We have shown by neutron depolarization that 
the transition from the mono- to two-domain state 
occurs at D = 2.9+0.2 fim in polycrystalline 
Mg08Zn02Mn01Fe185C>3 925. Despite this change in intra- 
granular domain state the NMGB model describes the grain 
size dependence of the initial permeability, /x,-, well for 
these ferrites both below and above Dc. This shows that 
also for ferrites with an anisotropy constant K=12 J/m3 the 
initial permeability is rotational in origin. 
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A systematic variation in line width at X band (9.78 GHz) with oxygen partial pressure was 
observed in Mn0 47Zn0 47Fe2.06O4 poly crystalline samples. The linewidth of the samples increased 
from 105 to 188 Oe with decreasing atmospheric parameters from 8.4 to 6.4. It was found that 
contribution of anisotropy and porosity to the linewidth was small compared to the variation in 
linewidth with oxygen partial pressure. Estimation of the Fe2+ concentration of samples by 
measuring their thermoelectric power revealed that an increase in the concentration from 1.88 to 
2.44 wt % was accompanied by decreasing oxygen partial pressure. As the resistivity of grain does 
not vary with oxygen partial pressure, the contribution of eddy current will be the same irrespective 
of the oxygen partial pressure. Therefore, the systematic increase in linewidth observed in our 
present study was attributed to the increase in Fe2+ concentration with decreasing oxygen partial 
pressure.   © 1998 American Institute of Physics. [S0021-8979(98)49011-X] 

I. INTRODUCTION 

Iron-excess manganese-zinc ferrites are widely used in 
high frequency circuit components such as transformers, 
noise filters, and magnetic recording heads because both of 
their electrical resistivities and initial permeabilities are 
much higher than those of metals at high frequencies (up to 
200 MHz). Recently, applications are being extended to in- 
clude components being used to shield the electromagnetic 
interference (EMI).1'2 

The ferromagnetic resonance (FMR) of ferrites is impor- 
tant to investigate their magnetic properties at high fre- 
quency because the resonance originates from the interaction 
between spin and electromagnetic waves. For instance, the 
loss of ferrites at microwave frequency largely depends on 
their line width of FMR. The broader the line width, the 
more lossy the sample is due to higher dispersion. 

Recently, a lot of research has been focused on micro- 
wave applications of yttrium iron garnet (YIG) because it has 
very low loss. In order to reduce the cost, polycrystalline 
YIG, instead of single crystals, is preferred. In the case of 
polycrystalline ferrites, it is known that anisotropy as well as 
porosity contribute to the line broadening of FMR.3 These 
contributions can be estimated quantitatively. However, 
there are contributions that can hardly be quantified. One of 
those is the eddy current loss which represents the conduc- 
tion of electrons in response to the magnetic field of electro- 
magnetic waves.4'5 Since the conduction mechanism of fer- 
rites is known to be a small polaron hopping of electrons 
between Fe2+ and Fe3+ ions, the Fe2+ concentration should 
be measured in order to quantify the contribution of eddy 
current loss. In the case of YIG, however, this is very diffi- 

cult because the Fe2+ concentration is very low. (As a matter 
of fact this is the reason that YIG has very low loss.) 

Manganese-zinc ferrite has interesting features. Its crys- 
tal structure is mixed spinel and it has high Fe2+ concentra- 
tion in octahedral sites. Furthermore, its Fe2+ concentration 
can be easily manipulated by varying oxygen partial pressure 
during heat treatment. Therefore, the objective of our present 
study is to investigate the effects of Fe2+ concentration of 
manganese-zinc ferrites on their line width of FMR. 

II. EXPERIMENTAL PROCEDURE 

Manganese-zinc ferrite of the composition 
Mn0 47Zn0 47Fe2.o6C>4 was prepared using the conventional 
mixed oxide method. Experimental details were described 
elsewhere.6 The specimens were sintered at 1350 °C for 5 h 
in an air atmosphere. During cooling, the oxygen partial 
pressure was controlled using the following equation which 
was suggested by Morineau and Paulus,7 

log P0=a - 
14540 

(1) 

"'Electronic mail: byeon@plaza.snu.ac.kr 

where a is atmospheric parameter which represents an oxi- 
dation potential. In our present study, the atmospheric pa- 
rameter was kept constant during the cooling process. In 
more detail, manganese-zinc ferrite samples with a = 6.44, 
7.07, 7.56, 7.96, and 8.44 were prepared in order to investi- 
gate the effect of oxidation on their line width. 

Electrical resistivity was measured at room temperature 
using impedance spectroscopy. Impedance was measured in 
the frequency range of 100 Hz to 40 MHz using an 
impedance/gain phase analyzer (Hewlett Packard, Model HP 
4194A). Thermoelectric power was measured at room tem- 
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FIG. 1. Ferromagnetic resonance spectra of manganese-zinc ferrite samples 
with various oxygen partial pressures. 

perature using the dc method. From these data, the Fe2+ 

concentration was calculated. Please refer to our previous 
work for details.6 

Porosity was calculated from the bulk density of the 
sample which was determined by Arkimedes' method. 

Ferromagnetic resonance (FMR) spectra were recorded 
at 300 K using an X-band (9.78 GHz) spectrometer (Bruker, 
Model ER 301). Samples were cut and polished to a thin 
plate with a dimension of 0.5 mmX0.5 mmXO.01 mm and 
were placed at the center of a cavity oscillating in the rect- 
angular TE102 mode. The sample can be rotated on a dielec- 
tric post inserted through the wall of the cavity. A conven- 
tional field modulation technique was used. 

III. RESULTS 

Figure 1 shows FMR spectra of manganese-zinc ferrite 
samples measured at 9.78 GHz. The dc magnetic field was 
applied perpendicular to the thin plate. The spectra were re- 
corded as a first derivative of the absorption. An increase in 
resonance field and intensity were observed with increasing 
oxygen partial pressure. The g values were calculated from 
the resonance field in different orientations with respect to 

6.5       7.0       7.5       8.0       8.5 

Atmospheric parameter^ 

FIG. 2. Linewidth as a function of oxygen partial pressure. 

the applied field. The g values decreased from 1.95 to 1.90 
with increasing atmospheric parameter. Yager et al. reported 
that the g values of a stoichiometric manganese-zinc ferrite 
is 2.05.8'9 In this experiment, the g values are slightly smaller 
than that of the stoichiometric manganese-zinc ferrite as the 
composition is iron-excess manganese-zinc ferrite. Yager 
et al. reported that iron-excess ferrites give slightly reduced 
g values.4 

It is also noteworthy that there are many subsidiary reso- 
nances at a lower field besides the main resonance. These 
resonances seem to be standing magnetostatic modes. 

Figure 2 shows the linewidth as a function of the oxygen 
partial pressure used in the cooling process. Here the abso- 
lute value of the linewidth was of the order of 102 Oe and 
the variation in the linewidth was about 80 Oe. The linewidth 
decreased almost linearly with increasing oxygen partial 
pressure. 

Table I summarizes the Fe2+ ion concentration, resistiv- 
ity of the grain and the grain boundary, and saturated mag- 
netization (4TTMS) of the manganese-zinc ferrite samples 
reported in our previous work.6'10 Porosity of the samples is 
also listed in Table I. 

IV. DISCUSSION 

A. Quantitative estimation of change in linewidth with 
Fe2+ concentration 

As mentioned previously, the linewidth of the FMR of 
polycrystalline ferrites is a sum of various contributions of 

TABLE I. Oxygen partial pressure dependence of grain boundary and grain resistivity, saturation magnetiza- 
tion, and porosity. 

Atmospheric parameter (a) 6.44 7.07 7.56 7.96 8.44 

Fe2+ ion concentration (wt %) 2.44 2.38 2.32 1.94 1.88 
Grain boundary resistivity (ft m) 0.019 0.057 0.230 0.357 0.366 
Grain resistivity (ft m) 0.009 0.012 0.010 0.008 0.009 
Saturation magnetization (G) 4319 4324 4319 4366 4280 
Porosity 0.005 0.006 0.008 0.009 0.012 
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anisotropy, porosity, and eddy current loss. Therefore, the 
linewidth, AH of manganese-zinc ferrite polycrystals can be 
given as follows,11 

**" = A" smi«ntrrmv+ A/lp0ros;ty + AHeddy ' A" others ' anisotropy 

STTV3    Hi 
+ ■ 

21    ATTMS    yfs 
■ATTM, 

'eddy 

* eff 

+ AH, others •> (2) 

where HA is anisotropy field, ATTMS saturation magnetiza- 
tion, and Peff is effective porosity. 

In order to calculate the contribution of the anisotropy 
term, the anisotropy field in Eq. (2) should be known. The 
cubic anisotropy field {HA = AK^Mg) was calculated using 
anisotropy constants reported by Hoekstra et a/.12 and the 
saturation magnetization in Table I. Hoekstra et al. reported 
that the anisotropy constant decreased from 1500 to 
100 erg/cm3 with an increasing oxygen partial pressure. The 
anisotropy field calculated using these values decreased from 
6 to 0.4 Oe with increasing oxygen partial pressure. These 
anisotropy fields contribute to a linewidth smaller than 0.1 
Oe. So the contribution of the anisotropy field to the line- 
width was negligible. 

In Fig. 2, the contributions of anisotropy and porosity to 
the linewidth calculated using Eq. (2) are illustrated. The 
porosity term increased by 40 Oe with increasing oxygen 
partial pressure. Since the measured linewidth decreased 80 
Oe with, increasing oxygen partial pressure, the contribution 
of the AHeddy term should be —120 Oe. Compared to the 
linewidth of the sample prepared under the lowest oxygen 
partial pressure, the magnitude of the A//eddy term is larger 
than 60%. In Table I, the Fe2+ concentration decreased by 
0.6 wt % with increasing oxygen partial pressure. Therefore, 
it can be suggested that the 0.6 wt % decrease in Fe2+ con- 
centration of manganese-zinc ferrite polycrystalline sample 
was accompanied by a 60% decrease in their linewidth. 

B. Linewidth versus eddy current loss 

It is well known that eddy current loss is correlated with 
conductivity.5 In Table I, the change in grain boundary re- 
sistivity with oxygen partial pressure was 1 order of magni- 
tude and thus appears to be responsible for the large contri- 
bution of the A//eddy term. In our previous work, however, it 
was demonstrated that the change in grain boundary resistiv- 
ity originated mainly from the change in grain boundary 
thickness. Furthermore, the capacitive grain boundary will be 
shorted at high frequency and thus will not contribute to the 
eddy current loss. 

In Table I, the change in resistivity of grains with oxy- 
gen partial pressure is negligible. Since the eddy current loss 

increases almost linearly with increasing conductivity we 
must address another mechanism for the broadening of line- 
width. According to Gait and Clogston, the presence of Fe2+ 

ions in octahedral sites of spinel ferrites can cause a broad- 
ening of linewidth due to relaxation.13-15 For the sake of 
convenience, ferromagnetic resonance can be illustrated as 
precession of spins along the direction of the applied dc 
magnetic field. In other words, the magnetization direction is 
changing with time. Since Fe2+ and Fe3+ ions have different 
magnetic moments they tend to align themselves in order to 
minimize the free energy of the system. This rearrangement 
takes finite time and thus phase lag results in a line broaden- 
ing. 

V. CONCLUSIONS 

It was suggested that the linewidth of manganese-zinc 
ferrite polycrystals decreased by 80 Oe with increasing oxy- 
gen partial pressure. The calculation of contributions of an- 
isotropy and porosity to the linewidth revealed that the eddy 
current loss term was —120 Oe. It was suggested that 0.6 
wt % decrease in Fe2+ concentration with increasing oxygen 
partial pressure was accompanied by a 60% decrease in the 
linewidth. 

Since the decrease in the grain resistivity of the 
manganese-zinc ferrite was negligible, a relaxation mecha- 
nism was suggested to be responsible for the 60% decrease 
in the linewidth. 
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Oxygen tracer diffusion in polycrystalline nickel ferrites Ni^.^Fe^+^O^) (x = 0.1; 0.2; 0.4) at 
temperatures of 450-700 °C was studied. The number of 180 atoms diffusing to the sample was 
determined using the 180(/?,a)15N nuclear reaction at the energy of the primary beam particles 
equal to 762 keV. The nuclear physical experiments were performed on a 2 MV Van de Graaff 
accelerator. It has been established the oxygen diffusion is characterized by relatively small 
activation energy (0.89 eV for x = 0.2) and low pre-exponential factors (~10~13 cm2/s for x = 0.2). 
These results suggest that oxygen diffusion in the ferrites under consideration occurs by means of 
structural vacancies with their concentration about 10~9-10~u. © 1998 American Institute of 
Physics. [S0021-8979(98)22511-4] 

I. INTRODUCTION 

This study has been performed to derive data on the 
oxygen tracer diffusion in ferrites, the parameters of the cor- 
responding energy barriers, and the diffusion mechanism. 
The lack of information about the oxygen diffusion in fer- 
rites has been the main reason for launching these investiga- 
tions. In addition, the diffusion information may be helpful 
in analyzing the structural defects in the oxygen sublattice 
and straightforward determination of the limiting stage in the 
kinetics of the redox processes in ferrites. Thus, this study 
into diffusion may reinforce or demolish the existing concept 
on the fast (compared to anions) diffusion of cations (cation 
vacancies), which limits the kinetics of the redox processes 
in ferrites. One more important result may consist in ascer- 
taining the presence of structural vacancies in the anion sub- 
lattice of ferrites and determining their concentration. This 
issue has long been debated. These and other findings relat- 
ing to the oxygen diffusion kinetics are important for under- 
standing the processes, which take place during the ferrite 
synthesis, thermal and thermomagnetic treatments, and op- 
eration of ferrites. 

II. EXPERIMENT 

To measure the diffusion coefficients of 180 tracers, the 
samples underwent isothermal annealing in an 180-enriched 
oxygen atmosphere. Subsequently the concentration of the 
180 isotope was determined using the nuclear microanalysis 
method. By this method the concentration profiles c(x) of 
180 atoms can be measured down to the depth of several 
microns without breaking the sample. Usually the diffusion 
coefficients are determined by solving Fick's second law for 
c(x) taking the initial and boundary conditions of the diffu- 
sion problem realized in the experiment. In our case the pre- 
liminary experiments showed that the depth resolution of 

the nuclear microanalysis method was insufficient for correct 
measurements of the c(x) profiles. Therefore, in the nuclear 
physical experiments we determined the number of 180 at- 
oms per unit surface area Q of the annealed sample as a 
function of the annealing time t. The data were processed 
allowing for the presence of a certain number of 180 atoms 
in the initial samples. It was also measured during the 
nuclear physical experiments. In terms of this approach, the 
diffusion coefficients D were calculated from the equation of 
Fick's second law for the function Q(t). For the diffusion 
from a constant surface concentration source to a semi- 
infinite sample the solution of this equation is 

W)      /— 
ß=^2VÖf, (1) 

IT 

where C0 is the concentration of the O isotope on the sur- 
face of the sample. The value of C0 was calculated using the 
expression 

C0=yC°, (2) 
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where y is the degree of enrichment of oxygen with the 180 
isotope. In our experiments y=0.8; C° is the oxygen con- 
centration of the samples under study, which represented 
metastable cation-deficient spinels-analogs of the y-Fe203 

phase. As has been mentioned in the foregoing, the profiles 
c(x) and the concentrations C0 were not determined experi- 
mentally and therefore the only criterion confirming fulfill- 
ment of the boundary conditions of the diffusion problem 
was fulfillment of the dependence (1). Although this depen- 
dence was met quite well (as will be shown below), in the 
future we are going to obtain additional data, which would 
permit estimating more reliably the fulfillment of the bound- 
ary conditions of the diffusion problem. These data may in- 
clude experimental measurements of the concentration pro- 
files c(x) allowing for an adequate depth resolution, or the 
concentration of 180 atoms on the surface of the sample, C0, 
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or the dependence Q{t) analyzed for a wider interval of time 
than the interval used in this study. The experimental data 
reported in this article do not eliminate completely the sys- 
tematic errors in measured D. 

The ferrite samples, Ni1_xFe2+^04, x = 0.1, x = 0.2 
(samples No. 1 and No. 2), and x = 0.4, were prepared by 
standard ceramic method using A. R. grade NiO, Fe203. The 
powders of these oxides were mixed in desired proportions 
and were ground in an automatic agate mortar under ethanol 
for 35 h. The dried powders were mixed with polyvinyl al- 
cohol and water and were pressed into 1.3 cm diameter pel- 
lets. These samples were fired at 900 °C for 15 h, then they 
were ground again and were formed into pellets in the same 
manner. Final sintering was done in a furnace at 1250 °C for 
10 h. The completion of the solid state reaction was checked 
by the x-ray diffraction studies. It has been established from 
radiography and microstructural data that all samples were 
single phase spinels with the following crystal lattice param- 
eters: 0.8342(9) nm (x = 0.1); 0.8346(6) nm (x=0.2); and 
0.8355(2) nm (x = 0.4). The mean crystallite size was about 
10 /am. Samples No. 1 and No. 2 were synthesized from 
different starting materials and had the same chemical com- 
position. Prior to diffusion annealing in the 180 atmosphere 
at a preset temperature, the samples were annealed in the 160 
atmosphere at the same temperature until its mass was con- 
stant. As a result, the samples were oxidized up to saturation 
through the formation of metastable cation-deficient spinels. 
It was confirmed by an x-ray examination.1 The aim of this 
treatment was to separate the oxygen self-diffusion process 
and the oxidation process, which leads to an increase in the 
number of oxygen atoms in the lattice. According to the 
x-ray data, ferrites with x = 0.4 have two phases if they are 
annealed at a temperature of 550 °C or higher. The samples 
with more than one phase in the structure were excluded 
from consideration. 

The oxide samples had a flat surface 5X5 mm in size 
and were several millimeters thick. Diffusion annealings 
were performed at the oxygen pressure of 0.21 atm. The 
volume of the quartz tube was sufficiently large to rule out a 
marked change in the isotope composition of the gas during 
annealing. This was confirmed by special experiments where 
oxygen was and was not replaced in the quartz tube during 
annealings and then the concentrations of 180 and 160 iso- 
topes were measured in the samples. Subsequent to isother- 
mal annealing, the samples were cooled to room temperature 
and the concentration of 180 atoms was determined in the 
samples. One and the same sample was used to study the 
dependence Q(t) at each temperature, i.e., every sample was 
heated repeatedly to the preset annealing temperature and 
then was cooled to room temperature. The nuclear physical 
measurements were made after every heating/cooling cycle. 
The time required to reach a constant temperature was less 
than 10 min, while the cooling time was approximately 1 
min. The temperature was measured with an accuracy of 
± 1 °C using a chromel-alumel thermocouple. The quartz 
tube was placed in a massive metal cylinder during anneal- 
ings. This arrangement eliminated a temperature gradient at 
the samples within the said accuracy limits. 

The number of 180 atoms diffusing to the sample was 
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FIG.  1.  The number of 180 atoms per unit surface area of samples 
Ni1_J.Fe2+j:04 vs annealing time. 

determined using the 180(p,a)15N nuclear reaction at the 
energy of the primary beam particles equal to 762 keV. The 
nuclear physical experiments were performed on a 2 MV 
Van de Graaff accelerator. The proton beam diameter was 1 
mm, i.e., the measured Q was averaged over a large number 
of crystallites. The test flat surface of the samples was placed 
perpendicular to the axis of the primary beam. The nuclear 
reaction products were registered at an angle of 160°. The 
energy spectrum of these products was measured by a silicon 
surface-barrier detector about 1 cm in diameter. The standard 
deviation of the measured Q was less than 5%. The nonde- 
structive measurements were made down to a depth of about 
2 /on. The 180 atoms were found to penetrate to the samples 
for not more than 0.2 /nm. 

As has been mentioned in the foregoing, Q was deter- 
mined several times at random places on every sample. Ac- 
cording to the preliminary experiments, the distribution in- 
homogeneity of the 180 atoms on the test surface of the 
samples could be as high as 15%. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the dependence Q(t) for ferrite samples 
having different compositions at several temperatures of dif- 
fusion annealing. One may see that in all the instances the 
dependences, which correspond to the solution (1) of Fick's 
second law, are reasonably fulfilled over a wide interval of 
time. The deviation of Q from the linear dependences does 
not exceed the experimental errors. These errors are due 
mainly to different rates at which 180 atoms arrive to various 
areas of the samples, i.e., to their inhomogeneity in terms of 
diffusion.- The accuracy of the nuclear physical measure- 
ments makes a smaller contribution to the experimental er- 
rors. 

The measured diffusion coefficients are presented in Fig. 
2. Note first that in all the instances the diffusion coefficients 
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FIG. 2. Temperature dependence of diffusion coefficients of oxide ions in 
Ni1_J.Fe2+j04 ceramics. 

of the 180 atoms measured by us proved to be much lower 
than those reported in literature2'3 for iron atoms in spinels of 
the analogous composition, which were measured at similar 
temperatures or extrapolated to the temperature interval of 
500-700 °C. This fact suggests that the limiting stage in oxi- 
dation or reduction of spinel-like magnetites is the diffusion 
of oxygen cations rather than anions. It supports the conjec- 
tures on the mechanism of the redox reactions.2 Let it be 
noted that the low values of the oxygen diffusion coefficients 
are due to a very small pre-exponential factor D0 in the 
temperature dependence D = D0 e.xp(-E/kT). In the case of 
the sample having the composition Ni0 8Fe2.204 (sample No. 
1) D0 = 4.68X 10"13 cm2/s, whereas for cations D0 is of the 
order of 10"4 cm2/s.2 

One more important conclusion may be drawn from the 
analysis of D0 and the diffusion activation energy E deter- 
mined in this study. They adduce a unique evidence that in 
the samples at hand oxygen atoms diffuse through structural 
vacancies rather than thermal equilibrium vacancies in the 
oxygen sublattice. This inference is supported, first, by a low 
diffusion activation energy £=(0.89±0.1) eV. When ther- 
mal equilibrium vacancies are involved in diffusion, the dif- 
fusion activation energy is equal to the sum of the oxygen 
atom migration energy Em and the vacancy formation energy 
Ef. E = Em + Ef. However, Ef usually exceeds 1 eV. On 
the other hand, if diffusion involves thermal equilibrium and 
structural vacancies, the order of the pre-exponential factor 
D0 is roughly determined by the respective expressions5 

D0~a2v   and    D0~a2vnv, (3) 

where a—10~8 cm is the lattice constant; v~ 1012 s_1 is the 
vibration frequency of oxygen atoms in the lattice; nv is the 
concentration of structural vacancies. Taking into account 
the value of D0 found in this study, the order of the concen- 
tration of structural vacancies may be estimated at 
10~9-10~H (this range allows for some uncertainty in the 
values of v and more complicated expressions for D0, which 
contain other parameters5). It has been mentioned in the In- 
troduction that the presence of structural vacancies in the 
oxygen subsystem of ferrites is questionable. Therefore this 
result may be treated as the first attempt (to the best of our 
knowledge) to measure directly the concentration of struc- 
tural oxygen vacancies in these compounds. Note that such 
small concentrations of structural vacancies can hardly be 
measured by other techniques. 

One more challenge of this study was to analyze the 
effect of the chemical composition of the cation sublattice of 
the ferrite on the diffusion coefficient of oxygen tracers. But 
we have failed to meet this challenge because of uncon- 
trolled factors. From Fig. 2 it is seen that in samples synthe- 
sized from different starting materials and having the same 
chemical composition the oxygen diffusion coefficients dif- 
fer by two orders of magnitude. A probable cause for this 
large difference in the diffusion coefficients in the samples 
No. 1 and No. 2 is the doping of the cation sublattice with 
impurities, which was not controlled in our experiments. The 
most probable uncontrolled impurities in the samples studied 
may be Ca, Se, Cu, and V. For example, doping of the cation 
sublattice of ZnO with impurities at the level of 0.3 at. % 
was shown6 to change the diffusion coefficient of 180 tracers 
by one or two orders of magnitude. Clearly these large un- 
controlled changes in the diffusion coefficient made it im- 
possible to derive reliable information concerning the effect 
of the nickel content on the oxygen diffusion coefficient in 
nickel ferrites. 

One more point is worth noting. A very low value of the 
oxygen diffusion activation energy (0.89 eV) and the corre- 
sponding high mobility of structural oxygen vacancies indi- 
cate that oxygen vacancies may participate in the local rear- 
rangement of the structure during the processes that 
determine the thermomagnetic properties of ferrites. 
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Hexagonal strontium ferrite thin films with in-plane and perpendicular magnetic anisotropies have 
been studied using conversion electron Mössbauer spectroseopy. The hyperfine parameters of the 
films were found to be similar to the one obtained for bulk strontium ferrite. However, the intensity 
ratios of the first and second lines of the Mössbauer spectra were found to be different for films 
deposited at different rf powers. This indicated a change in the anisotropy of the deposited film. The 
resultant change in the magnetization direction and crystallization texture was compared to other 
measurements.   © 1998 American Institute of Physics. [S0021-8979(98)20111-3] 

I. INTRODUCTION 

Recently a number of materials has been investigated for 
application as thin film media for high density recording. 
Hexagonal ferrite (BaFe12019 and SrFe12019) thin films are 
investigated due to their possible application in longitudinal 
and perpendicular recording media.1"4 In addition to their 
chemical stability and mechanical hardness, hexagonal fer- 
rite media in both paniculate and thin film mode have been 
shown to exhibit lower recording noise.1"3 In thin film form 
it is important to control the crystallographic texture, micro- 
structure, and magnetic properties for such applications. The 
properties of these thin films can be significantly varied by 
changing the deposition conditions. 

Mössbauer studies have been used in past to give infor- 
mation about the magnetic ordering, cation distribution, va- 
lence levels, impurity, etc. in ferrites. Mössbauer studies on 
bulk polycrystalline strontium ferrite has also been 
reported.5"7 In strontium ferrite, Fe3+ is located at five dif- 
ferent types of sites which are denoted in literature as 12ft, 
4/i, 4/2, 2a, and 2b.5'1 Since Fe3+ in different sites has 
different hyperfine parameters, the resultant Mössbauer spec- 
trum is a superposition of five subspectra corresponding to 
five different Fe3+ sites. The ratio of the area under the sub- 
spectra gives the ratio of occupation of these sites. In the 
case of the reported bulk Mössbauer spectra only four six- 
line Mössbauer patterns have been resolved. The hyperfine 
parameters of Afx and 2a are close to each other and hence 
not resolved for polycrystalline materials. In this article we 
report on the conversion electron Mössbauer spectroseopy 
(CEMS) study of strontium ferrite films deposited by rf sput- 
tering under various conditions. The results obtained were 
compared with the Mössbauer studies on bulk. 

II. EXPERIMENTAL DETAILS 

The strontium ferrite films were deposited by rf sputter- 
ing using a Leybold Z400 sputtering unit. The films were 

deposited at two different rf powers of P — 60 and 330 W 
(power densities of 1.3 and 7.5 W/cm2, respectively) and two 
different 02/Ar gas ratios of R= 1.5% and 15%. These films 
were prepared on 2 in. diam Si(lll) wafers, and were en- 
riched with 57Fe by placing a small quantity of enriched 
Fe203 on the strontium ferrite target. The use of films with 
larger areas and with enrichment by 57Fe is for enhancement 
of the signal to noise ratio in the Mössbauer spectra. The 
distance between the target and the substrate was maintained 
at 50 mm. At P = 60 W, the deposition rates were 13 and 10 
Ä/s for R= 1.5% and 15%, while for P = 330 W, they were 
40 and 37 A/s respectively. The films were prepared at am- 
bient temperatures and were then annealed at 800 °C for 3 h 
in air. Films of =»240 nm thickness were used in this study. 

The Mössbauer spectra for the target material were re- 
corded in transmission mode by taking a small portion of the 
material from the target used for sputtering. Mössbauer spec- 
tra of the thin films were recorded using the scattering mode 
(CEMS). A 10 mci 57Co source on a Rh matrix was used as 
the Mössbauer source. 

III. RESULTS AND DISCUSSIONS 

In Fig. 1 a Mössbauer spectrum for the bulk target ma- 
terial is shown. The hyperfine parameters were obtained 
from the least square fit method. The hyperfine parameters 
ob- 
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b)Present   address:   Toyota   Technological 

Tempaku-ku, Nagoya 468, Japan 
Institute,   2-12-1   Hisakata, 
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FIG. 1. Transmission Mössbauer spectrum for the bulk strontium ferrite 
powder. The fitted spectra are shown as solid lines. 
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TABLE I. The results of Mössbauer analysis of the strontium ferrite bulk 
sample and thin films. 

Sample Site 
Field       IS QS      Intensity     Relat. 
(kOe)   (mm/s)   (mm/s)    ratio, b    intensity 

Bulk 12k 412 0.37 0.42 
4/,, 2a 491 0.27 0.16 

4/2 512 0.40 0.29 
lb 422 0.32 2.47 

Film A 12* 409 0.37 0.42 
60 W, 1.5% 4/,, la 487 0.27 0.21 

4/2 512 0.39 0.29 
2b 432 0.36 2.60 

Film B \2k 409 0.37 0.42 
60 W, 15% 4/,, la 487 0.27 0.21 

4/2 517 0.39 0.29 
2b 427 0.32 2.68 

FilmC \lk 409 0.37 0.472 
330 W, 1.5% 4/,, 2a 487 0.27 0.21 

4/2 
512 0.39 0.29 

2b 432 0.23 2.42 

FilmD \2k 411 0.37 0.46 
330 W, 15% 4/,, 2a 487 0.27 0.21 

4/2 513 0.39 0.29 
2b 432 0.40 2.60 

2.0 

1.2 

0.9 

2.2 

2.8 

48.6 
27.5 
19.7 
4.2 

50.1 
30.6 
15.0 
4.3 

49.4 
31.8 
16.6 
2.2 

51.1 
29.7 
15.6 
3.6 

51.1 
26.8 
19.3 
2.8 

tained for the bulk sample are listed in Table I. The hyperfine 
parameters obtained agree well with the reported values for 
bulk strontium ferrite. 

The Mössbauer spectrum for one of the as-deposited 
films is shown in Fig. 2. The as deposited films show a 
paramagnetic doublet spectrum. Magnetization data on as 
deposited samples show a similar result.8 Mössbauer spectra 
of the crystallized films deposited at different rf powers and 
different 02/Ar ratios are shown in Fig. 3. All the spectra 
look identical except the second and fifth peaks which are 
positioned at «—4 and +4 mm/s, respectively. The intensi- 
ties of the second and fifth lines are comparatively high for 
the film which is deposited at higher power, i.e., 300 W 
compared to the film deposited at a lower power (60 W). 

The hyperfine parameters were obtained from the least 
square fit method by fitting Lorentzian lines. The values of 
different parameters like hyperfine field, isomer shift, quad- 
ruple splitting, and the intensity ratios of the first and sec- 
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FIG. 2. Conversion electron Mössbauer spectrum for the as deposited stron- 
tium ferrite film on Si(lll), deposited at rf power = 60 W and on 02/Ar 
ratio of 15%. 

ond lines of subspectra (b) were iterated to obtain the best fit. 
The intensity of the second and fifth lines, (b), was taken to 
be the same for all the subspectra. This is because of the spin 
structure of SrFe12019, where spins of Fe3+ at different sites 
are parallel to the c axis. The various parameters of the fitted 
Mössbauer spectra are listed in Table I. A comparison of 
these parameters with the bulk strontium ferrite values shows 
that the ratios of the area under different subspectra match 
well with bulk values within an error of ±4%. This shows 
that the strontium ferrite films have a nearly stoichiometric 
composition and a cationic distribution like that of the bulk. 
The presence of any second phase would have led to a modi- 
fication in the spectra from the bulk. Hyperfine field values 
obtained for all the samples agree well with the bulk sample. 
The isomer shift (IS) as well as the quadrupole shift (QS) 
values are also found to agree within the experimental error 
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FIG. 3. Conversion electron Mössbauer spectra for strontium ferrite films on 
Si(lll) with different powers and 02/Ar ratios. 
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TABLE II. Magnetic properties of strontium ferrite thin films deposited 
under different conditions. 

Power 02/Ar 
ffc(kOe) 

Ms 

MrIMs 

Sample (W) (%) II 1 (emu/cc) II          1 

A 60 1.5 3.9 4.1 240 0.50     0.94 
B 60 15 3.1 3.4 270 0.45     0.98 
C 330 1.5 3.9 3.7 280 0.60     0.55 
D 330 15 3.6 3.5 275 0.70     0.61 

(±0.04 mm/s). indicates the chemical as well as the struc- 
tural environments in thin film form are identical with the 
bulk strontium ferrite. 

The b value, which indicates the local magnetic moment 
direction with respect to the incident y ray direction, was 
found to vary significantly with the rf power and the 02/Ar 
ratio. For film deposited at the 60 W the b value decreases 
from 1.2 to 0.9 as the 02/Ar ratio increases from 1.5% to 
15%. This b value, lower than 2, indicates that the magnetic 
moment direction tends to lie perpendicular to the plane of 
the film. The orientation is better for a higher 02/Ar ratio. 
For a film deposited at 330 W the b value increases from 2.2 
to 2.8 as the 02/Ar ratio increases from 1.5% to 15%. This b 
value, higher than 2, indicates that the magnetic moment 
direction tends to lie in the plane of the film. Again the 
orientation is better for a higher 02/Ar ratio. Thus our results 
indicate that for the same rf power the orientation improves 
with a higher 02/Ar ratio. A value of b=2 indicates that a 
random orientation was found from fitting the bulk polycrys- 
talline powder sample. The x-ray diffraction (XRD) studies8 

carried out on Sr ferrite films deposited at 60 W and at dif- 
ferent 02/Ar ratio show a predominant c-axis orientation 
perpendicular to the film plane. The sample deposited at 
higher power (P = 330, W) and with a different 02/Ar ratio 
had a predominant c-axis orientation in the film plane. The 
easy axis was randomly distributed within the film plane. 

The magnetic properties of the films used in this study 
are listed in Table II. 

The coercivity (Hc) values decrease from 4.1 kOe for 
the sample deposited at 60 W with a 1.5% 02/Ar ratio to 3.4 

kOe for the sample deposited at 60 W with a 15% 02/Ar 
ratio. Similarly, the Hc values decrease from 3.7 kOe for the 
sample deposited at 330 W with a 1.5% 02/Ar ratio to 3.4 
kOe for the sample deposited at 330 W with a 15% 02/Ar 
ratio. Other properties such as MrIMs, etc. also show a 
considerable change with the change in the 02/Ar ratio, as is 
evident from Table II. Large MrIMs confirms that samples 
with 60 W power have a perpendicular orientation. 

It is interesting to note that even though the orientation is 
better for a higher 02/Ar ratio the coercivity is compara- 
tively small. A study by Acharya et al.9 on these samples 
indicated that intergranular interaction increases with the 
02/Ar ratio. This intergranular interaction could be the cause 
for the reduced coercivity in these films even though the 
orientation has improved with increasing 02/Ar ratio. 

IV. CONCLUSION 

Hyperfme parameters obtained from Mossbauer analysis 
were found to be similar in bulk and in thin film samples. 
The b value, on the other hand, is found to be different from 
the bulk and was also dependent on power and the 02/Ar 
ratio. This indicates textured growth in these films which 
was confirmed by XRD studies.9 These studies indicate that 
by varying the depostion condition we could achieve films 
with either the easy axis parallel to or perpendicular to the 
plane of the film. This information can be very useful for 
longitudinal and transverse magnetic recording. 
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Using neutron diffraction techniques, we have directly characterized the antiferromagnetic spin 
structure of CoO in exchange-biased Fe304/CoO (001) superlattices. The CoO antiferromagnetic 
order is long-range and extends coherently across intervening ferrimagnetic Fe304 layers. The 
ordering is influenced significantly by not only epitaxial growth constraints but also by coupling to 
the Fe304 layers. The antiferromagnetic order in these Fe304/CoO (001) samples exhibits significant 
dependence on field cooling preparations. The CoO spins show a strong tendency to align 
perpendicular to the net ferrimagnetic moment with some changes in the average domain size 
associated with field cooling. The CoO spin structure in the exchange-biased state illustrates 
important aspects of recent biasing theories but with unusually large domain sizes. © 1998 
American Institute of Physics. [S0021-8979(98)17811-8] 

I. INTRODUCTION 

Recently, there has been a renewed interest in studying 
magnetic systems exhibiting exchange anisotropy or ex- 
change biasing.1-7 First discovered in the 1950s,8 these sys- 
tems typically consist of ferromagnetic (FM) materials in 
contact with antiferromagnetic (AFM) materials. Due to 
excAarage-coupling between the FM and AFM layers, a host 
of unusual magnetic behavior is observed, including a field 
shift or bias in the FM hysteresis loop after field cooling 
through the AFM ordering temperature {TN). Despite over 
40 years of experimental and theoretical effort, there is still 
considerable debate about the mechanisms for this exchange- 
biasing effect. In particular, recent theories have concen- 
trated on the detailed role of AFM domain wall formation as 
an essential element to understanding the exchange 
anisotropy.9"11 The nature of the AFM and FM coupling at 
the interface is also under discussion, as well as the ideal 
AFM spin configuration for maximal biasing effect. In most 
experiments, the interfacial behavior of the antiferromagnet 
is usually inferred from bulk measurements or from the FM 
response.6'7 In contrast, elastic neutron diffraction provides a 
method to determine directly the nature of the AFM order in 
such systems.12 

In this article, we discuss neutron diffraction results that 
directly focus on the CoO AFM behavior in exchange-biased 
Fe304/CoO (001) superlattices. The growth of crystalline su- 
perlattices is possible because the spinel Fe304 and rock salt 
CoO structures have similar bulk lattice parameters (flpe304 
= 8.398 Ä and 2aCo0= 8.508 Ä) and have complementary 
oxygen sublattices in the (001) plane.4'13 By growing super- 
lattices with thin layers and multiple repeats, we can high- 
light the interfacial region which is of interest for exchange- 

biasing. In addition, the bulk properties of both CoO and 
Fe304 have been studied extensively.14'15 Bulk CoO orders 
antiferromagnetically below ~291 K in ferromagnetic sheets 
that alternate sign along (111) "propagation" directions, 
leading to distinct {111} domains. Bulk Fe304 orders ferri- 
magnetically below —858 K with a net moment of 4.2 fiB 

per unit cell. As demonstrated previously, the Fe304/CoO 
(001) system exhibits substantial exchange-biasing, despite 
the fact that the CoO (001) interface is expected to be com- 
pensated with no net moment.4 Thus, the Fe304/CoO sys- 
tem is a good model to study the role of the antiferromagnet 
in producing biasing. 

For superlattices of this system, we find that the CoO 
AFM ordering is long-range and propagates coherently 
through intervening Fe304 layers. The Co moment directions 
are constrained by sample epitaxy and influenced as well by 
perpendicular coupling to the ferrimagnetic Fe304 layers. 
Upon field cooling and field cycling, subtle changes in the 
AFM domain sizes are observed. These features are illustra- 
tive of the complex role of the antiferromagnet in exchange- 
biased systems. 

II. EXPERIMENTAL DETAILS 

Two Fe304/CoO superlattices, [Fe304 (100 Ä)/CoO (30 
Ä)]50 and [Fe304 (100 Ä)/CoO (100 Ä)]50, were grown 
by oxidic molecular beam epitaxy (MBE) onto 1.6 cm diam- 
eter [001] MgO substrates. Reflection high energy electron 
diffraction and x-ray scattering measurements show that the 
deposition results in epitaxial [001] superlattices with rock- 
ing curve full widths at half maximum (FWHM) of —0.2° 
and interfacial widths of ~2 Ä± 1 Ä. For comparison, a third 
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FIG. 1. Schematic showing the reciprocal space reflections discussed in the 
text as well as the directions in which the samples were field cooled. The 
scan directions through each peak are designated with small arrows. 

superlattice with nonmagnetic MgO as spacer layers [MgO 
(30 Ä)/CoO (30 Ä) ]333 was also grown by MBE onto an 
[001] MgO substrate. 

After preliminary characterization by x-ray analysis, 
neutron diffraction data were obtained on three triple-axis 
spectrometers (BT-2, BT-9, and SPINS) at the National In- 
stitute of Standards and Technology. For unpolarized mea- 
surements (BT-2 and BT-9), a pyrolitic graphite (PG) mono- 
chromator and analyzer were used to select elastically 
scattered neutrons of energy 14.8 meV. Typical collimation 
of 40'-48'-48' resulted in resolution in the growth direc- 
tion of -0.012 to 0.030 Ä"1 for all of the reflections of 
interest. For polarized measurements (SPINS), a supermirror 
polarizer and an Al coil spin flipper were positioned before 
and after the sample to select all four neutron spin cross 
sections, [(++), (—), (+—), and (—+)], with polarization 
efficiencies greater than 91%.16 The + and — signs denote 
the neutron polarization before or after scattering from the 
sample. 

For these experiments, the samples were oriented verti- 
cally with the [110] in-plane axis and [001] growth direction 
defining the scattering plane as shown in Fig. 1. The super- 
lattices were cooled in a 14 kOe field applied in several 
directions within the sample growth plane. The specific re- 
flections studied and the directions of the scans are also il- 
lustrated in Fig. I.17 In these superlattices and consistent 
with bulk structure factor calculations,12'14 the {111} class of 
reflections have the jStrongest_contribution from the CoO 
AFM order. The (331) and (113) reflections provide addi- 
tional information about the CoO magnetic ordering, 
whereas the (222) reflection has only a structural contribu- 
tion from the CoO. The Fe304 structural and magnetic order 
contributes to all these reflections and is solely responsible 
for the (220) reflection. For the three superlattices, the (222) 
satellite reflections were nearly resolution limited in the 
growth axis direction, indicating that the structural coherence 
is long range. 

III. RESULTS AND DISCUSSION 

A. Zero field characterization 

The AFM order of the superlattices was first character- 
ized in zero field. Figure 2(a) shows typical neutron diffrac- 
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FIG. 2. Neutron diffraction scans along the [001] Qz direction through the 
(a) (111) and (b) (220) reflection. The circles (O) refer to the [MgO (30 
ÄyCoO (30 Ä) ]333 at 15 K, and the triangles (A) refer to the [Fe304 

(100 Ä)/CoO(30 Ä)]50 superlattice at 28 K, both normalized to the peak 
values. The MgO/CoO data has been displaced from the origin by a factor of 
0.2 for clarity. Solid lines denote fits to Gaussians. The dashed lines in the 
(111) scan show the broad Gaussians associated with the Fe304 component. 
The double-headed arrows indicate the width of the broad features in the 
[Fe3O4(100 Ä)/CoO(30 Ä)]50 reflection. 

tion scans of the (111) reflection along the [001] direction. 
As illustrated in the figure, the line shapes differ quite sig- 
nificantly for the MgO/CoO sample as compared to the 
exchange-biased Fe304/CoO samples. 

For the unbiased MgO/CoO superlattice, the (111) struc- 
tural reflection is forbidden such that the diffracted intensity 
originates entirely from the AFM CoO ordering. The broad 
line shape in this case indicates that the magnetic order has 
limited coherence along the growth axis direction. Consider- 
ing the full width at half maximum and the instrumental 
resolution, we find that the magnetic coherence length is 
~35±5 Ä and is thus restricted to a single CoO layer. This 
result is not surprising given that the MgO spacers are non- 
magnetic and that the superexchange interaction in bulk CoO 
is short range.14 The temperature dependence of the AFM 
ordering is also consistent with bulk CoO, as the intensity of 
the (111) reflection decreases to zero at 7^=300+ 10 K, as 
compared with the bulk AFM CoO 7^-291 K. 

In contrast, for the two Fe304/CoO superlattices, the 
(111) reflection senses the CoO AFM order as well as the 
structural and magnetic ordering of the Fe304. In these 
samples, the scattering contributions from the two oxides can 
be distinguished by the differences in line shape and tem- 
perature dependence. As illustrated in Fig. 2(a) for the Fe304 

(100 Ä)/CoO (30 Ä) sample, the Fe304/CoO (111) reflection 
in the growth direction shows a two-component line shape 
with a broad and narrow contribution. 
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The magnitude of the broad component is not sensitive 
to temperature for the range of T= 10 to 600 K which is well 
below the ordering temperature of bulk Fe304 (858 K). As 
shown in Fig. 2(b), the (220) reflection, which is solely due 
to the Fe304 layers, is also quite broad. For both samples, 
these broad peak widths give coherence lengths of —100 A 
along the growth axis direction which correspond to the 
width of a single Fe304 layer. These data indicate that the 
registry of the Fe304 spinel lattice is not retained across the 
intervening CoO interlayers. This lack of coherence is not 
surprising due to the nonunique alignment of the Fe tetrahe- 
dral sites in the spinel relative to the rock salt CoO template 
at each Fe304/CoO interface. Thus, the differences in the two 
crystal structures is expected to result in some type of struc- 
tural disorder.18 In particular, the existence of stacking faults 
in the Fe304 layers has been observed and modeled exten- 
sively in Fe304/NiO superlattices.12 These structural faults 
thus lead to the broadened peak widths observed in Fig. 2. 
Note that these reflections have both a magnetic and struc- 
tural component from the Fe304 layers. Due to the broaden- 
ing from structural features, the magnetic coherence length 
of the Fe304 is masked and may in fact still be long range. 

As the broad component of the (111) reflection tracks 
the Fe304 structural and magnetic order, the narrow compo- 
nent measures the CoO AFM order. We note that the mag- 
nitude of the narrow component is sensitive to temperature. 
Upon heating, this intensity decays smoothly to zero at tem- 
peratures near or above the bulk CoO 7^ value of 291 K. 
Specifically, the AFM ordering temperatures as determined 
by this method are 450±15 K for the [Fe304 (100 Ä)/CoO 
(30 Ä)]50 superlattice and 325±15 K for the [Fe3O4(100 
Ä)/CoO (100 Ä)]50 superlattice. The apparent increase in the 
AFM ordering temperature with increasing relative Fe304 

thickness is consistent with observations in a series of 
Fe304/CoO superlattices as well as for Fe304/NiO and NiO/ 
CoO samples.12'19'20 These changes are in agreement with 
mean-field simulations of the exchange coupling between the 
Co and Fe spins at the superlattice interfaces.12 In addition to 
alterations in the CoO ordering temperature, we note that the 
CoO line width is much more narrow than for the MgO/CoO 
superlattice [Fig. 2(a)]. Thus, in both Fe304/CoO samples, 
the AFM order is long range along the growth axis direction. 
Considering the full width at half maximum (FWHM) de- 
convolved by the instrumental resolution, we find that the 
magnetic coherence lengths are always greater than 300 A 
and in some cases greater than 800 Ä. This long-range order 
may result from local exchange coupling to the Fe304 at the 
superlattice interfaces. Apparently, the alternation of the 
Fe304 moments preserves the phase of the CoO AFM order 
from one layer to the next. Scanning in the growth plane, we 
find that the CoO AFM order is also long range. 

B. Moment direction determination 

To determine the AFM moment directions within each 
{111} domain, we examined the three superlattices with po- 
larized neutron diffraction. Figures 3(a)-3(c) shows typical 
polarized neutron diffraction data of the (111) reflection 
scanned in the [001] direction for the three samples taken at 
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FIG. 3. Polarized neutron diffraction scans of the (111) reflection along the 
[001] direction for the (a) O [MgO (30 A)/CoO (30 Ä)]333, (b) A [Fe304 

(100 Ä)/CoO (30 Ä)]50, and (c) □ [Fe3 O4(100 Ä)/CoO (100 Ä)]50 super- 
lattices after cooling in a 14 kOe along the [110] direction to 78 K. The 
closed symbols denote the nonspin flip scattering which is sensitive to the 
CoO moment along [110]. The open symbols denote the spin flip scattering 
which is sensitive to the CoO moments along the [112] direction, (d) Illus- 
tration of the spin structure as determined from the above diffraction data. 

78 K. In these measurements with the sample orientation as 
in Fig. 1, the nonspin flip [(++) and (—)] intensities are 
sensitive to the AFM CoO moment contribution parallel to 
the [110], while the spin flip ([+-) and (-+)] intensities 
are sensitive to the AFM CoO moment component parallel to 
the [112] direction. As illustrated in the figure, for all three 
superlattices, the non-spin flip contribution dominates the 
spin flip, indicating that the AFM moments associated with 
the (111) reflection lie along the [110] direction. The small 
amount of CoO spin flip scattering detectable is at the effi- 
ciency limit of the polarizing elements. Thus to within ±2°, 
nearly all the Co spins_ within the alternating ferromagnetic 
sheets point in the ±[110] direction for the (111) domain, as 
illustrated in Fig. 3(d).21 This moment orientation persists to 
the AFM ordering temperature and did not change as a func- 
tion of field cooling in three different directions within the 
growth plane, namely in the [110], [110],_and [100] direc- 
tions. The intensities observed for the (331) and (113) anti- 
ferromagnetic reflections confirm that the AFM moments are 
essentially confined to the (111) plane. 

For this (111) domain, the alignment of the Co moments 
along this single [110] direction within the sample growth 
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FIG. 4. Neutron diffraction scans along the [001] Qz direction through the 
(111) reflection after zero field cooling and field cooling in 14 kOe field 
along the [110] direction to 78 K. Data are normalized to the zero field 
cooled data. The circles (O and •), squares (D and ■), and triangles (A 
and A) refer to the [MgO (30 Ä)/CoO (30 Ä)]333, [Fe304 (100 Ä)/CoO 
(30 Ä)]50, and [Fe304 (100 Ä)/CoO (100 Ä)]50 superlattices, respectively. 
Open symbols refer to the zero field cooled data, and closed symbols refer to 
the field cooled data. Dashed lines indicate the broad Fe304 contribution. 

plane contrasts with the behavior of_bulk CoO, which Jhas 
three different moment directions ([113], [131], and [311]) 
canted out of the (111) plane by 8°.14 These data suggest that 
the CoO spin structure in these superlattices is altered as a 
consequence of epitaxial growth constraints. We note that 
the bulk lattice parameter of CoO differs from that of Fe304 

and that of the substrate MgO by -1.0%-1.5%. 

C. Field-dependent domain characteristics 

While the antiferromagnetic moment directions are in- 
fluenced by structural features, the number of spins aligned 
in these directions is determined by the nature of the inter- 
facial coupling as revealed by field-dependent measure- 
ments. Figure 4 shows the results at remänence after cooling 
the three superlattices from 320 to 78 K in a 14 kOe field 
applied in the [110] direction. The data are scaled against 
similar data obtained after cooling to 78 K in zero applied 
field. 

For the MgO/CoO superlattice, the field cooling treat- 
ment leads to little change in the intensity of the (111) re- 
flection relative to the zero field cooled state. The applied 
magnetic field appears to have little effect on the AFM CoO 
order. This lack of a field response is not surprising in that 
the applied field of 14 kOe is roughly an order of magnitude 
less than the typical fields in which many antiferromagnets 
undergo a spin flop transition and align mostly perpendicular 
to the applied field.22 

[100] 
Field cooling direction 

[110] 

FIG. 5. The relative integrated intensity of the CoO contribution to the (111) 
reflection scanned along the [001] direction after cooling from 320 K to 78 
K in a 14 kOe field applied in different directions within the sample growth 
plane. The triangles (A) refer to the [Fe3O4(100 Ä)/CoO (30 Ä)]50 and 
the squares (■) to the [Fe304 (100 Ä)/CoO (100 Ä)]50 superlattices. The 
data are normalized to data obtained after zero field cooling to 78 K as 
indicated by the solid line. For the 100 Ä sample, the zero field data was 
obtained after randomizing the Fe304 magnetization by successively de- 
creasing cycles of the field at 350 K. Lines between points are a guide to the 
eye. 

In contrast, both of the Fe304/CoO superlattices [Figs. 
4(b)-4(c)] show a significant decrease in the (111) intensity 
upon field cooling in the [110] direction, as CoO spins are 
driven out of this (111) domain. Note that this change is 
associated with the narrow CoO contribution and not the 
broader Fe304 component. This field effect is large relative 
to that observed for nonmagnetic MgO spacers and indicates 
the importance of the coupling of the AFM CoO moments to 
the Fe304 layers. 

The nature of this coupling is apparent when considering 
the effect of field cooling in different directions within the 
sample growth plane. Figure 5 shows the integrated CoO 
intensity at the (111) reflection in remanence after field cool- 
ing along the [110], [100], and [110] directions. The field 
cooling data have been normalized against comparable zero 
field cooled data which has been set to 0.5. For both 
Fe304/CoO samples, the AFM (111) intensity is highest 
upon field cooling in the [110] direction, as CoO spins are 
driven into the (111) domain. From the polarized beam data 
discussed in the previous section, we have determined that 
the AFM spins in the (111) domain are lined up along the 
±[110] direction irrespective of field treatment. Thus, the 
preferred orientation of the AFM spins in the (111) domain 
is perpendicular to the net ferrimagnetic moment, which is 
aligned along the [110] applied field direction. The extent to 
which this perpendicular arrangement is preferred is different 
for the two samples, as the field cooling effect is more pro- 
nounced for the [Fe3O4(100 Ä)/CoO(100 Ä)]50 superlat- 
tice than for the [Fe3O4(100 Ä)/CoO(30 Ä)]50 sample. 
This difference is also consistent with magnetization mea- 
surements on these samples. The [Fe304 (100 Ä)/CoO 
(100Ä)]50 superlattice showed a much larger field shift for 
the hysteresis loop at 78 K as compared to the [Fe3O4(100 
Ä)/CoO (30 Ä)]so sample (1300±100 Oe vs 550±50 Oe).20 

The direct observation of field-cooling dependent 
changes in the AFM (111) intensity agrees with most current 
models of exchange-biasing, to the degree that the nature of 
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FIG. 6. Changes in the (111) peak intensity upon field cycling in the ±[110] 
direction after field cooling to 78 K in +14 kOe along the [110] direction. 
The triangles (A) refer to the [Fe304 (100 Ä)/CoO (30 A)]50 and the 
squares (D) to the [Fe304 (100 Ä)/CoO(100Ä)]50 superlattices. The num- 
bers and arrows refer to the order and direction of the field cycling. Solid 
lines are guides to the eye. 

the antiferromagnet is essential to the effect. In particular, 
the observed perpendicular coupling between the antiferro- 
magnetic CoO and ferrimagnetic Fe304 moments has been 
predicted previously by Hinchey and Mills23 and connected 
to exchange-biasing more recently by Koon." The coupling 
contrasts with most models of exchange-biasing which as- 
sume that the antiferromagnet always couples collinearly 
with the ferromagnet.7"10 

Upon field cycling after field cooling in the [110] direc- 
tion, we also observe some changes in the (111) peak inten- 
sity, as shown in Fig. 6. While field cooling in 14 kOe in the 
[HO] direction drives CoO spins out of the (111) domain 
(Fig. 4), the AFM spin structure is not completely frozen for 
both samples (Fig. 6). The partial return of the AFM spins 
into the (111) domain occurs at field values which are similar 
in magnitude to the coercive fields of the two samples 
[tfc~6000±100 Oe for Fe304 (100 Ä)/CoO (30 Ä) and 
~3200±100 Oe for Fe304 (100 Ä)/CoO (100 Ä) at 78 K]. 
As evident in Fig. 6, the [Fe304 (100 Ä)/CoO (100 Ä)]50 

superlattice shows less recovery upon field cycling than the 
[Fe304 (100 Ä)/CoO (30 Ä)]50 sample and is hence 
more effectively ' 'frozen'' into a spin configuration. We note 
that in contrast to the 30 Ä sample, for the 100 Ä CoO 
superlattice, memory of the field cooled direction is retained 
upon heating and cooling above the AFM ordering tempera- 
ture, indicating again the coupling to the Fe304 layers. To the 
degree to which this AFM response tracks the biasing, these 
differences are also consistent with the larger exchange- 
biasing fields and higher temperatures for the onset of bias- 
ing for the [Fe304 (100 A)/CoO (100 Ä)]50 sample.5,20 

However, the domain formation in these Fe304/CoO su- 
perlattices is more subtle than that proposed by many of 
these models. Figure 7 shows the full widths at half maxi- 
mum for the narrow CoO (111) reflection in remanence after 
field cooling in different directions within the sample growth 
plane. For both samples the widths for zero field cooling 
match within error those obtained after field cooling in the 

0.030 

0.025 

0.020 

0.015 

0.010 

-A—30 Ä sample 
-■—100 Ä sample 

[100] 

Field cooling direction 

[110] 

FIG. 7. The full width at half maximum (FWHM) for the (111) CoO con- 
tributions scanned along the [001] direction after cooling to 78 K in a 14 
kOe field applied in different directions within the sample growth plane. The 
triangles (A) refer to the [Fe304 (100 A)/CoO (30 A)]50 and the squares (■) 
to the [Fe304 (100 A)/CoO (100 A)]5tl superlattices. The dashed line indi- 
cates the instrumental resolution limit. Lines between points are a guide to 
the eye. 

[110] direction. The larger errors associated with the widths 
for the [110] orientation reflect the decrease in CoO (111) 
intensity for these scans. After deconvolution with the instru- 
mental resolution, the FWHM is inversely proportional to the 
AFM domain size along the growth axis direction. For the 
Fe304 (100 Ä)/CoO (30 A) sample, the average coherence 
length in the growth axis direction varies from ~310±20 Ä 
for field cooling in the unpreferred [110] direction to —700 
±100 Ä for field cooling in the preferred [110] direction. 
Field cooling thus leads to changes in the average domain 
size. However, in the case of the 100 Ä sample, the widths 
are nearly resolution limited for all field directions with 
growth axis coherence lengths of greater than 800 Ä. Thus, 
in both samples, domain walls do not occur at every super- 
lattice interface. Scanning the (111) reflection along the 
[110] direction in the growth plane, we find similarly large 
domain sizes across the sample plane. 

In addition, upon field cycling, we observe changes in 
the average domain size of less than a few percent for the 
[Fe304 (100 A)/CoO (100 Ä)]50 sample which has 
larger exchange-biasing fields.5'20 This contrasts with most 
recent models of exchange biasing in that we do not observe 
domain walls forming in the antiferromagnet near each 
Fe304/CoO interface upon field reversal. However, small 
twists or incomplete domain walls may form in the antifer- 
romagnet which are not within the sensitivity of our mea- 
surement technique. Alternatively, the ferrimagnetic Fe304 

may exhibit domain wall formation upon field cycling. In 
Fe304/NiO multilayers, polarized neutron reflectivity experi- 
ments showed different magnetization depth profiles for the 
Fe304 layers before and after field reversal, suggesting such 
domain wall formation.24 Further experiments are underway 
to explore this possibility for these Fe304/CoO superlattices. 

IV. SUMMARY/CONCLUSION 

We have demonstrated the complex nature of the AFM 
spin structure in Fe304/CoO superlattices. The spin arrange- 
ment of the CoO is influenced by both growth constraints 
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and a preferred perpendicular coupling to the net Fe304 mo- 
ments. In general, the CoO domains are long range and ex- 
tend coherently across intervening Fe304 layers. Upon field 
cooling, the AFM spins "freeze" into large domains which 
do not change size substantially upon field cycling. These 
results illustrate the importance of the details of the AFM 
spin structure in exchange-biased systems. 
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Role of interfacial uncompensated antiferromagnetic spins in unidirectional 
anisotropy in Ni81Fe19/CoO bilayers (invited) 
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The uncompensated spins on the surfaces of antiferromagnetic CoO films exhibit a thermoremanent 
magnetization after field cooling from T>TN that has the same temperature dependence as the 
exchange field of Ni81Fe19/CoO bilayers after field cooling. This suggests that these interfacial 
uncompensated spins are responsible for unidirectional anisotropy. A model based on a calculation 
of the density of these interfacial uncompensated spins predicts the correct magnitude of the 
exchange field, as well as the observed inverse dependence on average interfacial grain size. 
© 1998 American Institute of Physics. [S0021-8979(98)37411-3] 

I. INTRODUCTION 

Exchange anisotropy1 refers to the exchange interactions 
at an interface between ferromagnetic (FM) and antiferro- 
magnetic (AFM) materials. Cooling a FM/AFM thin film 
bilayer from TC(FM)>T>TN(AFM) in a saturating mag- 
netic field produces a unidirectional anisotropy that is mani- 
fested as a sin 6 component in the torque curve and a hys- 
teresis loop displaced along the field axis. The loop shift is 
called the exchange field HE. Recently, the technological 
application of AFM thin films to bias magnetoresistive 
devices2 important to the magnetic recording industry has 
revived the interest in exchange anisotropy. Despite exten- 
sive experimental and theoretical investigations in the past 
40 years, the basic details of the mechanism of this phenom- 
enon remained unclear. 

Assuming Heisenberg exchange across an epitaxial 
atomically smooth FM/AFM interface, 

HF=- 
•AXSFM'SAFM 

a MFMt 
(1) 

FM'FM 

where Jex is the exchange parameter, SFM and 5AFM are the 
spins of the interfacial atoms, a is the cubic lattice param- 
eter, and MFM and tFM are the magnetization and thickness of 
the FM layer, respectively. Observed exchange fields, how- 
ever, are typically less than a few percent of the values pre- 
dicted by this idealized model. A quantitatively satisfactory 
model for a specific exchange coupled system has not been 
reported until recently.3 

Our measurements of thermoremanent magnetization 
(TRM) in CoO/MgO multilayers show that the spins respon- 
sible for this moment are interfacial and constitute ~ 1 % of 
the spins in a monoatomic layer of CoO. The TRM exhibited 
the same features and temperature dependence as the ex- 

a)Current address: Naval Research Laboratory, Code 6342, 4555 Overlook 
Ave. SW, Washington, DC 20375-5320. 

b)Current   address:   Komag   Inc,   1704   Automation   Pkwy.,   San   Jose, 
CA 95131. 

change field of Ni81Fe19/CoO bilayers. Since the TRM origi- 
nates from the uncompensated interfacial AFM spins, they 
appear to be the spins responsible for unidirectional anisot- 
ropy. A model is presented which predicts the observed ex- 
change field. It is based on a calculation of the density of 
interfacial uncompensated spins, and accounts for grain size, 
orientation, and interfacial roughness. 

II. EXPERIMENTAL PROCEDURES 

CoO has a Neel temperature, TN=293 K. The AFM or- 
dering is characterized by FM aligned (111) planes with ad- 
jacent antiparallel (111) planes. The AFM alignment results 
from the superexchange coupling of the cobalt cation atoms 
via the p orbitals of the oxygen atoms. CoO/MgO multilay- 
ers were used to determine the magnetic properties of un- 
coupled CoO films since MgO is nonmagnetic. CoO and 
MgO share the fee NaCl structure with bulk cubic lattice 
parameters which differ by only 1.1%. The structural simi- 
larity permits interlayer coherent growth. A series of 
CoO(fCo0 Ä)/MgO(fMg0 Ä) multilayers were deposited 
with CoO thicknesses ?Co0 ranging from 16 to 103 Ä, and 
MgO thicknesses fMgO~20Ä. The structural characteriza- 
tion and heat capacity measurements of these multilayers are 
discussed in detail elsewhere.4 Thin film bilayers of CoO and 
permalloy (Ni81Fe19) were used to determine the role of 
AFM thickness on the interfacial exchange properties. A se- 
ries of films was deposited with CoO thicknesses ranging 
from 100 to 3000 Ä; the permalloy layer thickness was fixed 
at 300 Ä. An Ag capping layer was deposited as an oxidation 
barrier. 

The CoO5 and MgO films were reactively sputtered from 
a metal target. The permalloy was deposited by dc sputtering 
from an alloy target. The substrates were backed by Alnico 
magnets to apply a bias field during deposition to induce an 
easy axis in the permalloy. The films were deposited at 373 
K with a rotating substrate table ( — 0.6 Hz) heated by a 
quartz lamp. The deposition rates were ~ 27 Ä/min for the 
oxides and ~ 15 Ä/min for the permalloy. Film thicknesses 
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FIG. 1. FC annd ZFC moment densities vs temperature of the [CoO(103 
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FIG. 2. Temperature dependence of HE for permalloy (300 Ä)/CoO bilayers 
with CoO thicknesses of 100-3000 Ä. 

were established from rate checks. The substrates were 
Si(100) wafers with a native amorphous oxide layer 
( — 30 A). The films were poly crystalline as determined by 
x-ray diffraction and transmission electron microscopy 
(TEM). No evidence for any phase other than CoO was de- 
tected. The cubic lattice parameter derived from the (111) 
peak position is 4.27 A which is slightly expanded (0.2%) 
from the bulk parameter (4.260 Ä). 

Magnetic measurements of the CoO/MgO multilayers 
and permalloy/CoO bilayer films were taken using a super- 
conducting quantum interference device (SQUID) magneto- 
meter. From a series of hysteresis loops measured at tem- 
peratures ranging from 10 to 320 K, the temperature 
dependences of the exchange fields were obtained for field 
cooled (FC) permalloy/CoO bilayer films. The permalloy 
easy axis (induced by the Alnico magnet) was aligned paral- 
lel to the measurement field. 

III. RESULTS 

The CoO/MgO multilayers were cooled from 350 to 10 
K in zero field (ZFC) and in +10 kOe (FC). Magnetization 
measurements were made in a 100 Oe field. Field cooling 
resulted in a stable magnetization—i.e., a TRM. Figure 1 
shows the FC and ZFC measurements for the 
[CoO(103Ä)/MgO(30Ä)]15 multilayer. The interfacial 
TRM density exhibits two features: (i) an intermediate tem- 
perature region (200 K>r3=50 K) where the magnetization 
is independent of temperature (a "plateau") and (ii) a low 
temperature increase (!T=£50K). The magnitudes of these 
two features scale closely with the number of CoO layers and 
have no dependence on the net CoO thickness in the multi- 
layers. Therefore the uncompensated moment of both fea- 
tures is an interfacial effect and not a bulk effect. Neutron 
data6 give 3.8 /J,B for the magnetic moment of Co2+ in CoO. 
Thus the measured interfacial uncompensated moment rep- 
resents ~ 1 % of the spins in a monoatomic layer of CoO. 

If the CoO/MgO multilayer is field cooled to 100 K and 
then zero field cooled from 100 to 10 K, the low temperature 
increase feature is absent from the TRM. Hence, the spins 
responsible for the low temperature increase require a mod- 
erate cooling field below 100 K to align them and will be 
referred to as the low freezing temperature (LFT) spins. For 
7,<100 K, we observed relaxation and hysteresis. The LFT 
magnetization and irreversibility disappear above 100 K 
which is considerably lower than TN, so we infer that the 
LFT spins are weakly coupled to the spins in the core of the 

CoO layers. These spins may be a small fraction of surface 
spins that are frustrated. Similar magnetic behavior was ob- 
served in disordered surface spins in NiFe204 nanoparticles7 

and in isolated spin clusters in powders of randomly diluted 
fccCo^Mg^O.8 

In Fig. 1, the bifurcation of the FC and ZFC susceptibili- 
ties occurs at 295±5 K (the bulk TN of CoO). This suggests 
that the spins responsible for the plateau feature are magneti- 
cally coupled to the spins in the core of the CoO layers. For 
100<T<200K, the spins responsible for the plateau have 
anisotropy fields much larger than the LFT spins since (i) no 
magnetization reversal was observed in fields as large as 
-55 kOe and (ii) the M-H loops exhibited a vertical dis- 
placement along the moment axis equal to the contribution 
due to the TRM. The TRM temperature dependence (for T 
> 50 K) was similar to the temperature dependence of the 
sublattice magnetization for CoO as determined by neutron 
diffraction.9 This correlation further suggests a strong cou- 
pling of these interfacial spins to the core spins of the CoO 
film. 

The permalloy/CoO bilayers were cooled from 350 
K (>7V+50 K) to 10 K in a +10 kOe field. Figure 2 shows 
HE(T) for some of the CoO thicknesses. HE(T) of 
permalloy/CoO films exhibit the plateau and low temperature 
increase features in identical temperature regions as the TRM 
of the CoO/MgO multilayers. In Fig. 3, the TRM of the 
CoO(103 Ä)/MgO(30 Ä) multilayer and the HE(T) of the 
permalloy/CoO(100 Ä) bilayer have been normalized at 70 
K. The curves overlap at all temperatures except for the low- 
est temperature region T< 50 K. Due to the distribution of 
lower anisotropy fields exhibited by the LFT spins, only a 
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FIG. 3. HE(T) (O) of the permalloy/CoO(100 A) bilayer and the TRM (•) 
of the [CoO(103Ä)/MgO(30Ä)]15 multilayer normalized at 70 K. The 
overlap for T> 50 K strongly suggests that the interfacial uncompensated 
spins responsible for the TRM plays an important role in the exchange field 
mechanism. 



6890        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Takano et al. 

- P' 
y . 

7 y ■ 

y ■ 

- y ~ 
r : 

: y : 
- y« : 
:   y ■ 

'S1 60 
O 

£50 

o 
<n  40 
® 
-a   30 
n 
£   20 
u tx> 
§   10 

w   0.000    0.002    0.004    0.006    0.008    0.010 

(CoO Crystallite Diameter)"' [A1] 

FIG. 4. Linear relationship between the plateau value of HE(T= 50 K) of 
the permalloy/CoO bilayers and the inverse of the CoO crystallite diameter. 

small fraction of the LFT spins have sufficient anisotropy to 
effectively pin the permalloy layer. The correlation above 50 
K strongly suggests that the interfacial uncompensated spins 
which are responsible for the TRM play an important role in 
the exchange field mechanism. The correlation also suggests 
that the temperature dependence of HE is consistent with 
strong net unidirectional interfacial Heisenberg exchange 
that is proportional to the spin density of the uncompensated 
interfacial AFM spins. This proportionality, however, will 
only be observed for AFM grains with high magnetocrystal- 
line anisotropy energy. This condition is not likely to be 
satisfied (i) in lower anisotropy AFM materials such as NiO 
and (ii) in small AFM grains since the magnetic energy 
scales with the grain volume. The observation that ~ 1 % of 
the interfacial AFM spins are uncompensated is consistent 
with measured permalloy/CoO exchange fields of — 1 % of 
the interfacial Heisenberg exchange model [Eq. (1)]. 

The HE dependence with the CoO thickness suggests a 
structural origin for the density of uncompensated spins. 
Cross-sectional TEM showed a columnar structure for all 
thicknesses. The sizes of the CoO crystallites at the 
permalloy/CoO interface were examined by TEM plan views 
of CoO films without any capping layers. The average CoO 
crystallite diameter for thicknesses of 100, 500, 1000, and 
3000 Ä were determined by an analysis of the dark and 
bright field images. Figure 4 shows the linear relationship 
between #£(50K), which is representative of the plateau 
value, and the inverse of the CoO crystallite diameter. 

IV. MODELING 

The correlation between the temperature dependence of 
the TRM of the CoO/MgO multilayers and the exchange 
field of the permalloy/CoO bilayers suggests a direct rela- 
tionship between the interfacial density of uncompensated 
spins and the strength of the exchange field. We present a 
model for HE which demonstrates its connection with the 
interfacial density of uncompensated spins, and predicts the 
inverse relationship between HE and the grain diameter. We 
assume that each CoO crystallite is a single AFM domain. 
We define the normal to the FM aligned (lll)-type spin 
plane as p, and define the probability of finding a crystallite 
with that orientation at the AFM film surface as /(p)rfüp. 
We define the easy axis (known to be near the tetragonal axis 
in bulk CoO6) for a crystallite as e, and the probability of 
finding a crystallite with that easy axis as g(e)d£l-e (the sign 
of e will be specified below). The FM aligned spin planes 

^„(Mn-p)1)"2 
INTERFACE 

FIG. 5. Schematic of interface cross section. Film normal is n, p is the 
normal to the parallel spin plane (111) of the AFM, and e is the AFM spin 
axis (in this case Afrows=4). 

will intersect the interface in Of a series ot atomic steps 
with spacing <iin( 1 — (n-p)z)~ 1/2( = ß?lu/sin 6), where 
d m( = aV3/3 = 0.577a) is the spacing of (111) planes, and n 
is the film normal, as indicated in Fig. 5. The interfacial layer 
of spins of each crystallite will consist of alternate rows of 
antiparallel spins pointing in the ±e directions. If p is close 
to n, there may be two or more rows of parallel spins from 
each (111) spin plane at the interface. The number of adja- 
cent rows of parallel spins may be estimated as 

Nrows=trunc|rf 

in 

10 
[l-(n-p)2] ■1/2 (2) 

where "trunc" gives the largest integer less than the argu- 
ment and duo represents the in-plane spacing. The interfacial 
exchange energy for crystallite i is 

N 

If the ferromagnetic layer is in a single domain state, 

■   N 

Uj = — SFM •    2J  JexpAFMJ 

= _SFM-[7ex(A?
+,-Af_i,)5AFMe], 

where N± is the number of interfacial spins pointing in the 
±e direction, and we define the sign of e such that 
7ex(A/+,-iV_>,) = 7exAAf

J is positive. As indicated in Fig. 6, 
if the AFM film is cooled below TN in zero field, the uncom- 
pensated moment of the AFM domains are randomly ori- 
ented but collinear with the Neel axes of the AFM grains. If 
the AFM film is field cooled below TN, the uncompensated 
moment of the AFM domain will orient itself such that + e 
has a component in the direction of the adjacent FM spins 
(i.e., Hcool). Therefore 

Ut  = _ |/ex|SAFMSFMAAf,-|e- Hcool|. 

The total interfacial energy is then 

utot KexPAFM^FM^c / 
dCL^ANi 

X 
/ 

</njg(e)|e-H, cool I 
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FIG. 6. Schematic of uncompensated spin moment of uniaxial AFM grains. 
The uncompensated AFM spins are collinear with the Neel axes of the core 
of the AFM grains. The uncompensated AFM moments are randomly 
aligned in the zero field cooled case; whereas in the field cooled case, the 
uncompensated AFM moments are aligned along the uniaxial direction with 
a component in the cooling field direction. 

where Nc = area/L2 = total number of crystallites at the inter- 
face. If we assume that the AFM spins are frozen below TN, 
and that g(e) is azimuthally symmetric, we find that the in- 
terfacial energy as a function of SFM is 

rFC/ 
^tot(^FM) 

area (1/L  JKexl^AFM^FMlHcoorSFM) 

X 

X 

<ttW(p)Atf,- 

Jttag(e)|e-H( ■cool I (3) 

Finally, following Malozemoff,    we have 

FC/ 

HF= 
[^totC-^FM)- ^tot(SFM)]/area 

2M FM'FM 

where MFM and ?FM are the magnetization and thickness of 
the FM layer. 

To compute the first integral in Eq. (3), we numerically 
calculated the average number of uncompensated spins for 
elliptical crystallites as a function of Ntows, which is related 
to the orientation p by Eq. (2). We incorporated interfacial 
roughness as specified by the average lateral dimension of 
interfacial topographic features. We first mapped the interfa- 
cial plane onto a square lattice for computational conve- 
nience (this mapping slightly changes the shape of the model 
crystallites, but this is not significant). As shown in Fig. 7(a), 
the interfacial plane consists of a periodic pattern of Nrows 

rows of spins in the + e direction, followed by Afrows rows of 
spins in the - e direction. To simulate roughness, we super- 
imposed elliptical "islands" of monoatomic thickness on the 
spin map. Figure 7(b) depicts the effect of adding one atomic 
layer as reversing the direction of the spin at each site cov- 
ered by the island, since successive layers of CoO spins have 
opposite direction. The major axis of these islands was kept 
fixed (denoted"feature diameter"), while the position, orien- 
tation of the major axes, and aspect ratio (from 1:1 to 1:1.5) 
were varied. Islands were superimposed sequentially, allow- 

Sampling region Topographic Features 
FIG. 7. Topographical representation of the interfacial plane, (a) Periodic 
pattern of Nrov/s= 4 (as in Fig. 5) with a sample region representing a model 
crystallite', (b) Elliptical islands of a monoatomic layer thickness were su- 
perimposed on the spin map to simulate roughness. Note that adding one 
atomic layer reverses the direction of the underlying spin. 

ing overlap between them, until the total area of the islands 
equaled the total area of the spin map. Figure 8 is a repre- 
sentative topographical map containing overlapping islands 
with a feature diameter of 20 lattice parameters and coverage 
equal to the total area of the map. The varying shades of gray 
represent the degree of interfacial elevation above the base 
spin pattern consisting of a periodic pattern of Nrows rows of 
antiparallel spins [see Fig. 7(a)]. To compute the number of 
uncompensated spins for a model crystallite, AN,-, we sim- 
ply added the total number of spins in each direction within 
an elliptical region, having major axis equal to L, on the spin 
map. We created a spin map which was several times larger 
than L, so a statistical average could be taken by varying the 
position, orientation of the major axis, and aspect ratio of the 
model crystallite (similar to the above procedure for gener- 
ating roughness). Averages were taken by computing AN,- 
for 106 model crystallites. Although the base layer of the 
spin maps represents fully compensated spin planes (exclud- 
ing perfect (111) orientation), the uncompensated moment 
originates from the finite dimensions imposed by the bound- 
aries of the model crystallites and the density of roughness 
terraces. 

The results of these calculations are summarized as fol- 
lows: (1) a perfectly regular interface, with equally spaced 

FIG. 8. Topographical map containing overlapping islands. The islands 
have a feature diameter of 20 lattice parameters and coverage equal to the 
total area of the map. The legend correlates the different shades of gray with 
the height of interfacial elevation above the base spin pattern [see Fig. 7(a)]. 
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FIG. 9. Calculated values of the prefactor a and the exponent in power-law 

fits of (AiV) vs feature diameter and JVrows. JVrows= 1 corresponds to 6 

>24.1° and JVrows= 14 corresponds to 3.3°>0>3.1°. Prefactor a is 
weighted based on equal population of domains with the four different 

(lll)-type parallel spin planes. 

= 143 K, where fc is the Curie temperature of the interfacial 
alloy (Ni81Fe19)05Co05.12 X-ray diffraction rocking curves of 
the CoO (222) peak are nearly flat, indicating the absence of 
a strong crystallographic texture. Therefore, we assume uni- 
form distributions of crystallite orientations (i.e., /(p) and 
g(e) are constant). With these parameters, we calculate ex- 
change fields of 107, 80, 63, 50, 40, and 31 Oe for topo- 
graphic feature diameters of 12, 30, 60, 120, 240, and 480 Ä, 
respectively. The experimental result of 48 Oe is consistent 
with a topographic feature diameter of approximately 120 Ä. 
This result is consistent with interfacial roughness of only a 
few "extra" atomic steps across the face of each crystallite. 

V. SUMMARY 

We measured the interfacial uncompensated moment on 
an AFM surface as a TRM of a field-cooled CoO/MgO 
multilayer. The temperature dependence of the interfacial 
uncompensated AFM moment parallels that of the exchange 
field of permalloy/CoO bilayers. A model for unidirectional 
anisotropy correctly predicts the inverse dependence of the 
uncompensated spins on grain size and the correct magnitude 
ofHE. 
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atomic terraces, results in (AN) = a(L/dm)0-5, (2) the addi- 
tion of roughness results in (A^)-a(L/J110)0-90~104, (3) 
for small values of feature diameter (AN) = 0.6(L/dn0), in- 
dependent of Nrows, and (4) the prefactor a increases as 
Nmv/S increases. These results are shown in Fig. 9. Since the 
result of Eq. (3) is proportional to (AN)/L2, the rough case 
gives HE~L~l, in agreement with the experimental results 
of Fig. 4. 

As an example, we calculate HE for the 100 Ä thick 
sample as follows. Recent work by the authors suggests,11 

via a mean field analysis of exchange coupled bilayers hav- 
ing different FM layers, that the interfacial exchange is a 
direct exchange between the metal ions. Following this ap- 
proach, we estimate that the constant JexSAFMSFM=Tc/S 

1W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 (1956); 105, 904 

(1957). 
2B. Dieny et al, Phys. Rev. B 43, 1297 (1991). 
3K. Takano et al, Phys. Rev. Lett. 79, 1130 (1997). 
4E. N. Abarra et al, Phys. Rev. Lett. 77, 3451 (1996). 
5W. Cao et al, Scr. Metall. Mater. 25, 2633 (1991). 
6W. L. Roth, Phys. Rev. 110, 1333 (1958). 
7R. H. Kodama et al, Phys. Rev. Lett. 77, 394 (1996). 
8R. Kannan and M. S. Seehra, Phys. Rev. B 35, 6847 (1987). 
9D. C. Khan and R. A. Erickson, J. Phys. Chem. Solids 29, 2087 (1968). 

10A. P. Malozemoff, Phys. Rev. B 35, 3679 (1987). 
"K. Takano (unpublished). 
,2For a homogeneous FM, molecular field theory (see Ref. 13) gives 7CX 

= 3ifcBrc/[2zS(S+l)] where z is the coordination (12 for fee). Treating 

the spins classically, we replace S(S+ 1) with S2. The exchange param- 

eter for the interfacial alloy FM05Co05 is ycx=3iBrc/(2z(SFM5AFM)). 
13B. D. Cullity, Introduction to Magnetic Material (Addison-Wesley, 

1972), p. 135. 
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Two measurement techniques, both relying on reversible rotations of the magnetization, have been 
used to determine the magnitude of the interfacial exchange energy (IEE) between ferromagnetic 
and antiferromagnetic (F/AF) layers. One technique is to use the anisotropic magnetoresistance to 
determine rotations of the magnetization away from the unidirectional easy axis, where the rotation 
is accomplished by applying external magnetic fields less than the effective F/AF exchange field. 
The second technique uses measurements of the ac susceptibility as a function of the angle between 
the ac field and the unidirectional exchange field. Both of the reversible process techniques result in 
values of the IEE larger (by as much as a factor of 10 in Co/CoO bilayers) than the traditional 
irreversible technique of measuring a shift in the hysteresis loop. The ac susceptibility technique 
was also used to measure one Fe/FeF2 bilayer. For this sample, the IEE values obtained by 
reversible and irreversible methods are equivalent. © 1998 American Institute of Physics 
[S0021-8979(98)53611-0] 

Meikeljohn and Bean1'2 discovered an interfacial ex- 
change energy between ferromagnets and antiferromagnets 
which could generate a unidirectional easy axis for the fer- 
romagnet. This unidirectional anisotropy is generated by 
field cooling the system from above the Neel temperature to 
below. Although this discovery occurred almost 40 years 
ago, we have not yet developed a fundamental understanding 
of this phenomena. Briefly, the first model to attempt to de- 
scribe the observed behavior assumed that the ferromagnet 
was uniformly coupled to one sublattice of the antiferromag- 
net. However simple calculations with this model gave inter- 
facial exchange energies (IEE) approximately a factor of 100 
times larger than the values reported by experiments. Due to 
this discrepancy alternate models of the IEE were developed, 
however, none of these appear to completely explain the ob- 
served data.3 Our lack of understanding of the IEE may arise, 
not from a lack of theoretical understanding but instead from 
an inherent error in the experimental determination of the 
IEE. 

Historically the experimental determinations of the IEE 
phenomenon have been almost exclusively from measure- 
ments of the shift or offset in the hysteresis loops of direct 
exchange coupled ferromagnet/antiferromagnet systems. 
This measurement technique is intrinsically irreversible, and 
is actually a measure of the nucleation and propagation of 
domain walls during the reversal process. As such its relation 
to the exchange bias energy is not necessarily simple. An- 

a'Electronic mail: dand@physics.spa.umn.edu 

other difficulty with this technique is the common observa- 
tion that cycling through multiple hysteresis loops results in 
decreasing values of the shift in the loops. 

We have recently used two different experimental tech- 
niques which involve only reversible rotations of the magne- 
tization to determine the interfacial exchange energy in 
Co/CoO bilayers.4'5 These measurements produce values of 
the energy which are consistently larger than those deter- 
mined by hysteresis loop measures on the same films. Al- 
though these reversible measures are larger than the irrevers- 
ible measures, they are still less than the original predictions 
based on a direct coupling between the ferromagnet surface 
and a single sublattice of the antiferromagnet. 

In what follows, we will briefly summarize both the 
techniques and results from the above mentioned two works. 
In both, the samples consisted of sputtered Co films (thick- 
nesses from 2 to 30 nm) with a native oxide coating formed 
upon removal from the sputtering system (thus forming bi- 
layers of Co/CoO). As the CoO has a Neel temperature 
slightly below room temperature, the exchange bias direction 
was easily controlled by field cooling the bilayers from room 
temperature to low temperature. In addition to the Co/CoO 
work, we will mention one study of another system, Fe ex- 
change coupled to epitaxially grown antiferromagnetic FeF2. 
At the end are a series of conclusions which can be drawn 
from this work. 

Our first reversible measurement of the IEE relied on the 
anisotropic magnetoresistance (AMR) to determine the di- 
rection of the magnetization in thin films.4 In this work, the 
resistance of Co/CoO bilayers were measured as a function 
of the angle between an in-plane applied magnetic field and 
the exchange bias direction. The applied magnetic fields 

0021 -8979/98/83(11 )/6893/3/$15.00 6893 © 1998 American Institute of Physics 
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were as large as 40% of the effective field of the IEE. Using 
the relationship for the resistance of a ferromagnet with an 
angle between the current and the magnetization,6 we were 
able to fit the resistance of the films as a function of the 
applied field direction with one adjustable parameter, the av- 
erage exchange biasing energy. As shown in this work, the 
applied magnetic field could be rotated through a full 2TT 

twice obtaining the same angle dependent resistance data in- 
dicating the reversible nature of the measurement technique. 

In order to prove a difference between the reversible and 
irreversible measurements, the maximum possible value for 
the hysteresis loop measured exchange anisotropy was used, 
the value of the magnetic field when the magnetization re- 
versed. Thus, this determination included half the width of 
the hysteresis loop in the shift, i.e., the reported values for 
the hysteresis loop determination of the exchange bias were 
the exchange bias field plus the coercivity (this was not 
clearly stated in this work). This is certainly an overestimate 
of the exchange bias but even so, it was still smaller than that 
determined by the reversible AMR technique. In general, 
when correcting for the coercivity, the AMR determined IEE 
was about a factor of 4 times larger than the hysteresis loop 
measurement for films on the order of 4 nm thick. 

Another interesting feature found in this work was that 
the magnetization rotation through the ferromagnetic film 
was not uniform in the AMR or reversible measurements. 
Although this was not observed in the hysteresis measure- 
ment, it is rather obvious it should be present as shown in the 
following. The exchange pinning of the ferromagnet occurs 
at the interface between the Co and the CoO. In a thick Co 
film, say on the order of 10 nm or more, the spins at the free 
surface, opposite the interface, are only weakly pinned (the 
bias must propagate through the film via the direct exchange 
of the Co from one layer to the next). In this case if a mag- 
netic field is applied at a large angle to the biasing direction, 
the spins on the free surface rotate towards the field more 
than those at the pinning interface. Thus, in progressing 
through the film thickness, the rotation varies from a maxi- 
mum amount (on the free surface) to a minimum (at the 
pinning interface). This situation is not dissimilar to having a 
domain wall or a partial wall form through the thickness of 
the film. 

The second reversible technique we used to measure the 
IEE was the ac susceptibility. In this case the ac susceptibil- 
ity was measured as a function of the angle between the 
exchange bias direction and the ac magnetic field with ac 
magnetic fields as small as 0.1% of the effective exchange 
bias field. A simple understanding of how this was used to 
determine the IEE is to consider the analogy with the sus- 
ceptibility of an antiferromagnet.7 The measured susceptibil- 
ity of an antiferromagnet depends upon the orientation of the 
magnetic field to the spins in the sublattices, with the collin- 
ear susceptibility smaller than the perpendicular susceptibil- 
ity. The difference between these susceptibilities is related to 
the exchange energy between the two sublattices. 

The ac susceptibility measurements were performed as a 
function of temperature revealing a linear temperature de- 
pendence of the exchange biasing magnitude (the AMR 
study was performed only at 4 K). The results from this 

second study were in agreement with the AMR study, in that 
this reversible measurement of the IEE was larger than that 
determined by the irreversible hysteresis loop technique. 
However, it found energies larger by as much as a factor of 
10 than the hysteresis loop measurements (recall a factor of 4 
was observed in the AMR studies). It is important to note 
that the two reversible studies were made on different sets of 
samples so it is not clear if this difference in the factor is due 
to the smaller field used in the ac susceptibility study or 
sample differences. 

An interesting feature of note in the susceptibility study 
came from two Co samples of the same thickness. One was 
partially capped with Ag prior to oxidation to prevent the 
formation of the CoO over some fraction of the surface while 
the other did not have the oxide inhibiting Ag coating. Sur- 
prisingly, the hysteresis loop measurement of the sample 
with the partial Ag overcoat indicated an IEE larger than the 
sample with the full oxide. This was contradicted by the ac 
susceptibility measurements on the same two samples which 
indicated a reduction in the IEE for the sample with the 
smaller ferromagnetic antiferromagnetic interface area as one 
would expect. Although this comparison was between only 
these two samples, it does suggest that there may be difficul- 
ties in trying to determine even the systematics of the inter- 
facial exchange energy by hysteresis loop measurements. 

Another system we have recently investigated by the ac 
susceptibility method is Fe deposited on epitaxially grown 
FeF2.8 This system is rather unique for two reasons; it does 
not exhibit a decay or alteration of the ferromagnetic antifer- 
romagnetic IEE upon repeated hysteresis loop cycles at low 
temperatures and the determination of the exchange energy 
from the loop shifts agree with that determined by the revers- 
ible techniques. That the loops are preserved upon repeated 
cycles is probably the result of two things. The crystalline 
anisotropy energy of the FeF2 is high and the epitaxial 
growth with twinning results in the FeF2 film being large 
single crystals. Thus the FeF2 sublattice orientations are well 
fixed and the applied magnetic field and the exchange from 
the iron film is insufficient to reorient the sublattice orienta- 
tions. This might be sufficient to assume the two techniques 
would give the same value for the IEE, however this means 
that either the energy and dynamics for domain wall forma- 
tion (which is localized to the wall width) is identical to the 
uniform rotation of the magnetization at the interface, or the 
hysteresis loop reversal mechanism is not by wall formation 
but instead of coherent rotation. 

In ending, a number of conclusions and questions can be 
drawn from these studies. 

First, in general, reversible measurements of the interfa- 
cial exchange coupling energy are more accurate than mea- 
sures relying on irreversible processes. A cautionary note 
however arises upon considering the anisotropy energy of 
the antiferromagnet. If the crystalline anisotropy or the crys- 
tallite size of the antiferromagnet is small compared to ex- 
change bias energy, then pinning of the ferromagnet is not 
only by the interfacial exchange coupling but instead will be 
a mixture of the exchange energy and the anisotropy energy. 
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Thus in this case, even reversible measurements do not pro- 
vide an accurate determination of the interfacial exchange 
energy. 

Next, there is the question of what the hysteresis loop 
measures. The irreversible techniques are almost certainly 
measurements of some combination of domain wall nucle- 
ation energies in the ferromagnetic film where the lowest 
interfacial energy occurs and domain wall pinning. For this 
reason, even systematic studies of the IEE where grain size 
or some other parameter is varied is suspect unless their ef- 
fect on the wall nucleation and pinning are well known. 

It is interesting that the Fe/FeF2 system reveals equiva- 
lent results for the IEE using both reversible and irreversible 
measures. This preliminary result is interesting for the fol- 
lowing reasons. The robust nature of the loop shift upon 
repeated magnetic reversals may be an indicator when the 
hysteresis loop technique is accurate for determining the 
IEE. However, when the details are considered, it is surpris- 
ing that the energetics of wall formation and propagation are 
the same as the as small rotations of the magnetization. How- 
ever, as stated, only one sample was investigated and cer- 
tainly more must be studied before any conclusions are 
drawn. 

Finally there are the apparent differences in the mea- 
sured values of the energy for the AMR (factor of 4 times 

larger than the hysteresis determined value) and ac suscepti- 
bility (as much as a factor of 10 times larger) techniques. 
One possibility is this may be due to the differences in the 
field of measurement as the minimum ac susceptibility mag- 
netic field is approximately 0.01 that of the AMR technique. 
However, it is important to note that these measurements 
were not performed on the same set of samples. This clearly 
warrants a study of the exchange bias energies determined by 
the ac susceptibility, AMR, and hysteresis loop techniques 
on the same samples. 
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95-1-0799 and DOE. 

'W. H. Meiklejohn and C. P. Bean, Phys. Rev. 102, 1413 (1956). 
2W. H. Meiklejohn and C. P. Bean, Phys. Rev. 105, 904 (1957). 
3 A. P. Malozemoff, J. Appl. Phys. 63, 3874 (1988). 
4B. H. Miller and E. D. Dahlberg, Appl. Phys. Lett. 69, 3932 (1996). 
5V. Strom, B. J. Jonsson, K. V. Rao, and D. Dahlberg, J. Appl. Phys. 81, 

5003 (1997). 
6T. R. McGuire and R. I. Potter, IEEE Trans. Magn. MAG-11, 1018 

(1975). 
7C. Kittel, Introduction to Solid State Physics, 7th ed. (Wiley, New York, 

1996). 
8J. Nogues, D. Lederman, T. J. Moran, I. K. Schuller, and K. V. Rao, Appl. 
Phys. Lett. 68, 3186 (1996); J. Nogues, D. Lederman, T. J. Moran, and I. 
K. Schuller, Phys. Rev. Lett. 76, 4624 (1996). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Rare Earth Nitride and 
Carbide Hard Magnets L. H. Lewis, Chairman 

Immobilization diffusion in R2Fe17 nitrides 
R. Skomski and S. Wirtha) 

Max-Planck-Institut fir Mikrostrukturphysik, Weinberg 2, 06120 Halle, Germany 

The diffusion of nitrogen in R2Fe17 intermetallics is investigated by an approach which reconciles 
the solid-solution and immobilization theories of nitrogen diffusion. It turns out that two-sublattice 
diffusions may yield sharp concentration profiles but leave the phase structure of the nitride 
unchanged. Beside the reaction time and a local relaxation time there exists a global relaxation time 
which governs the smoothing of concentration gradients. Due to the large number of unknown 
energy parameters involved it is difficult to make quantitative predictions, but in general the 
diffusion behavior depends on factors such as the use of N2 or NH3 as a nitrogen source. © 1998 
American Institute of Physics. [S0021-8979(98)42411-3] 

I. INTRODUCTION 

Since the discovery of interstitial permanent magnets 
such as Sm2Fe17N3,

1 the diffusion of nitrogen and carbon in 
R2Fe17 intermetallics has attracted much attention.2"12 The 
knowledge of the diffusion mechanism is necessary to pre- 
dict the extrinsic properties of the interstitial magnets. A par- 
ticular problem is that soft regions associated with incom- 
plete nitrogenation destroy coercivity by acting as nucleation 
centers, so that the nitrogen concentration in the material has 
to be homogeneous.2'3 

In recent years, there has been considerable controversy 
about the phase structure of interstitial nitrides. According to 
the solid-solution theory, the reaction of molecular nitrogen 
with    Sm2Fe17    yields    homogeneous    solid    solutions 
Sm2Fe17Nx with intermediate nitrogen contents. 2,3,5,8,10,13 By 
contrast,   the   two-phase   theory   states   that  the   nitrides 
R,Fe,7NL are a mixture of nitrided (x~3) and unnitrided 

6 111? 
(Xs»0) phases without intermediate nitrogen contents. '  ' 
Figure 1 illustrates the difference between solid solutions 
and compounds. 

It is important to note that phase segregation is caused 
by attractive interactions between interstitial atoms, whereas 
the on-site interaction between the interstitial atoms and the 
host lattice changes leaves the phase structure 
unchanged.8'10'14 In fact, phase transitions of gases in metals 
are caused by long-range elastic interactions, which yield a 
critical temperature T0 below which phase segregation oc- 
curs. By contrast, electronic interactions in metals are short 
ranged and largely repulsive.8'10'14 

The nitrogen atoms diffuse inwards from the surface of 
the R2Fe17 particles, which has given rise to the qualitative 
concept of core-shell diffusion.15 A key question is whether 
the nitrogen concentration profiles 0^c(r,f)«l  of partly 

nitrided particles are smooth or steplike (Fig. 2). The one- 
sublattice diffusion equation dc/dt = DV2c, where D = D0 

Xexp(-Ea/kBT), yields smooth nitrogen profiles.2'8'10 Based 
on this model, an activation energy £„=133 kJ/mole was 
obtained from thermopiezic measurements on Sm2Fe17 in 
N2. Both this activation energy and the diffusion parameter 
£>0=l-02mm2/s are typical for 2p atoms in transition 
metals.2'3'8'10 Note that experimental diffusion constants vary 
between from 59 to 163 kJ/mole.4'7'8'16 

In the two-phase regime the diffusion constant depends 
on c and T. The mean-field result D = D0 exp(-Ea/kBT) 
X [ 1 - 4c( 1 - c)T0 /T] shows that there exist negative diffu- 
sion constants below T0, which describe the creation of 
sharp phase boundaries.10 Note the width of the "sharp" 
transition regions is as large as about 1 /mi,12 which can 
hardly be interpreted as critical fluctuations in the vicinity of 
the unknown critical temperature T0. 

Most of the evidence available for Sir^FenN,. produced 
from N2 gas favors a gas-solid solution at typical nitrogena- 
tion temperatures of about 500 °C. In particular, intermediate 
lattice parameters have been observed by x-ray diffraction 
analysis,3 samples with intermediate nitrogen contents ex- 

solid solution two-phase nitride 

a,Also at: MARTECH, Florida State University, Keen Bldg. 318, Tallahas- 
see, Florida 32306. 

FIG. 1. Interstitial modification of a square lattice of interstitial sites. Black 
and white squares denote filled and empty interstitial sites, respectively. 

0021 -8979/98/83(11 )/6896/3/$15.00 6896 © 1998 American Institute of Physics 
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t 
particle 
surface 

FIG. 2. Nitrogen concentration profiles for spherical particles: (solid line) 
ideal one-sublattice diffusion and (dotted line) sharp interface. 

hibit intermediate Curie temperatures,5 homogenization of 
partly nitrided grains yields intermediate nitrogen 
concentrations,13 electron micrographs show smoothly vary- 
ing nitrogen concentrations,9 and domain-size observations17 

can be explained by intermediate anisotropy constants only. 
However, in practice it is difficult to distinguish solid 

solutions from two-phase nitrides,10,18 and the solid-solution 
character of R2Fe17N.(: has been questioned by several 
authors.6'11,12 Zhang et al. have argued that nitrogen diffu- 
sion in R2Fc17 compounds is realized by more than two sub- 
lattices of interstitial sites.11'12 Starting from the known crys- 
tal structure, they postulated the existence of trapping (t) and 
free (/) sites. It is assumed that the /-sites act as an easy 
diffusion pathway for the nitrogen atoms, which immobilize 
on the t sites. In the limit of ideal immobilization, where the 
on-site energy U, goes to minus infinity, the immobilization 
mechanism yields sharp diffusion boundaries.19 However, 
this limit amounts to an infinite heat of reaction, whereas 
experimental reaction energies Ut are merely of order 
-57kJ/mole.2 

In this theoretical study, we investigate the possibility of 
immobilization diffusion and relate the diffusion behavior to 
the site and saddle-point energies of the nitrogen atoms. In 
particular, we answer the question whether immobilization 
diffusion leads to phase segregation. 

II. IMMOBILIZATION DIFFUSION 

As a rule, R2Fe17 intermetallics containing light rare 
earths crystallize in the rhombohedral Th2Zn17 structure, 
whereas heavy rare earths tend to form the hexagonal 
Th2Ni17 structure. The two structures derive from the CaCu5 

structure but differ by the stacking of the CaCu5-type layers. 
In the rhombohedral structure, the majority of the nitrogen 
atoms occupies the large octahedral 9e sites (t sites), 
whereas the equilibrium occupancy of the 18g or lb sites (f 
sites) is small.1'2,10,20 Since there are three t sites per formula 
unit, the nominal composition of the nitrides is often written 
as R2Fei7N3. 

FIG. 3. Schematic energy landscape of the two-sublattice diffusion model. 
Note that £0 is not necessarily larger than E{ and E,. 

In the limit of strong immobilization, the nitrogen uptake 
is determined by the differential equation dLldt 
**Df{cf)/(ct)L, where L is the thickness of the fully ni- 
trided shell and Df is the diffusion constant of the /-type 
nitrogen atoms. The averages (c,)«l and (cf)<\ are the 
equilibrium nitrogen concentrations on the respective sites. 
The solution of this equation, L=yj2Df(cf)t/c0, is reminis- 
cent of the diffusion length L0= ^fDt and yields the reaction 
time tR~R2ID{cf). 

In reality, U, is finite and we have to start from the 
two-sublattice diffusion equation 

dct 

— = DtV
2c-Wftct+Wtfcf, 

dCj_ 

dt = DfW2cf-Wtfcf+Wftct, 

(la) 

(lb) 

where the intrasublattice diffusion constants Dt (i=f,t) are 

U, E: 

^^Pfe-^'- (2) 

The intersublattice transition rates Wft=W(t—>f) and W, 
= W(f—>t) are given by 

U,      E0 Wft=T0 exp 
\kBT   kBTj' 

^/=r0 «p ri- 
tz 7 

kBT    kBTJ- 

(3a) 

(3b) 

In Eqs. (1) and (2), Uf and U, are the nitrogen on-site ener- 
gies, Ef and Et are intrasublattice saddle-point energies, and 
E0 is the energy of the intersublattice saddle point connect- 
ing neighboring / and t sites (Fig. 3). In a fair approxima- 
tion, r0 = D0/aeff, where aeff<=*3 A is an effective jumping 
distance. 

Since Eq. (1) is difficult to solve, we use the approxi- 
mate ansatz 

Cj(x,t) = c!0 exp(-f/r)cos(27rx/L), (4) 

which transforms Eq. (1) into a quadratic secular equation. 
The diagonalization of the matrix yields two relaxation 
modes (Fig. 4). The local relaxation time tL, 

«erf (E0-U 
(5) 
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FIG. 4. Splitting of relaxation modes due to immobilization diffusion (sche- 
matic). Ac is the deviation from equilibrium. 

describes transitions from the / sublattice to the t sublattice 
and is comparatively small. Note that the local character of 
tL is seen from the absence of the "particle size" L in Eq. 

(5). 
The global relaxation time 

exp(-Ut/kBT) 
1G~~4^ exp(-E,lkBT) + exp(-Ef/kBT) 

describes the approach towards macroscopic equilibrium and 
equals the time necessary to homogenize an originally step- 
like concentration profile. For one-sublattice solid-solution 
diffusion tG^tR, whereas immobilization diffusion is char- 
acterized by tG>tR. Since the homogenization leads to 
smooth nitrogen concentration profiles, the existence of 
sharp boundaries during immobilization diffusion does not 
establish a separate nitride phase. By comparison, inter- 
atomic interaction yields sharp equilibrium phase boundaries 
below r0.

2'3A10'14 

III. DISCUSSION AND CONCLUSIONS 

Since Eq. (1) involves five energy values, it is not pos- 
sible to predict the diffusion behavior from the known 
Sm2Fe17Nx values Ut and Ea = E- U,. Magnetic after effect 
measurements16 yield a third experimental value, Q 
= E0-Ef/2-E,/2=62 kJ/mole for Nd2Fe17N^. 

A possible explanation for the steplike profiles observed 
for Sm2Fe17 heated in ammonia is that the high effective 
nitrogen pressure associated with the presence of NH3 en- 
hances the concentration (cf) and therefore reduces tR .8' • 
Note, however, that NMR experiments on Sm2Fei7 nitrided 
in ammonia show a large number of defects,8'22 which com- 
plicates the interpretation of the experimental results. 

In general, we expect some dependence of the energy 
parameters on the rare earth's atomic number. A particularly 
difficult situation is found in intermetallics which may occur 

in either of the 2:17 structures, such as Y2Fe17. Variable23 

nitrogen environments observed by NMR indicate a consid- 
erable volume fraction of intermediate material, which is 
contradictory to the absence of intermediate nitrogen concen- 
trations in Y2Fe17Nc. This does not exclude, however, that 
Y2Fe17NJt is more difficult to homogenize than Sn^Fe^Nj. 

In conclusion, we have shown that intersublattice diffu- 
sion involving nonequivalent sites leads to local and global 
relaxation modes. In general, both relaxation times differ 
from the reaction time. Depending on the site and saddle- 
point energies involved, smooth or steplike nitrogen concen- 
tration profiles are obtained, but the phase structure of the 
nitride is not affected by immobilization. 
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A nearly perfect magnetic alignment of R2Fe17Nx powders (<20 yam) with respect to the c axis was 
obtained by using the sample-rotation magnetic-alignment technique. The magnetization from 4.2 to 
300 K was measured on the magnetically aligned samples by means of the sample-extraction 
method in a static field up to 23 T. The Fe-sublattice anisotropy was determined by analyzing the 
magnetization curves of R2Fe17Nx with R=Y, Ce, Gd, and Lu. Compared to corresponding R2Fe17 

compounds, the Fe-sublattice anisotropy of R2Fe17NA. is substantially lower. For R2Fe17N;i; with 
R=Pr, Nd, Sm, Tb, and Er, the magnetization curves in the [001] direction show no anomaly 
whereas a first-order magnetization process (FOMP) was detected in corresponding R2Fe17 

compounds, suggesting that the FOMP transition in R2Fe17 is suppressed upon nitrogenation. 
© 1998 American Institute of Physics. [S0021-8979(98)15911-X] 

I. INTRODUCTION AND MOTIVATION 

The easy magnetization direction (EMD) of R2Fe17N.c 

for all rare earths (R) except that for R=Sm is within the 
basal plane. A detailed study of the magnetic anisotropy of 
these compounds is still lacking. This is because, on one 
hand, single crystals of R2Fe17NJC are not possible to be 
grown by the conventional method since the compounds de- 
compose above about 800 K. On the other hand, the pow- 
dered particles of R2Fe17N^. compounds exhibit basal-plane 
anisotropy and can therefore not be well aligned magneti- 
cally by using the static-field-alignment technique. In the 
present investigation, a sample-rotation magnetic-alignment 
technique was used to align fine single-crystalline powder of 
R2Fe17Nx compounds in an optimal way so that the magnetic 
anisotropy of the whole series of compounds can be system- 
atically studied. This method has been applied by Wang 
etal.1 to Y2Co14B and Er2Co17, by Kou et al. to Er2Fe14B2 

and to the whole R2Fe17 series,3'4 by Tellez-Blanco et al.5 to 
Y3(Fe,Ti)29, and by Zhang et al.6 to Sm2Fe17. 

II. EXPERIMENTAL DETAILS 

Polycrystalline ingots of R2Fe17 compounds with R=Y, 
Ce, Pr, Nd, Sm, Gd, Tb, Dy, Ho, Er, Tm, and Lu were 
prepared by induction melting appropriate amounts of the 
constituent metals having a purity better than 99.99 wt %. 
X-ray diffraction was used to check the phase purity and to 
determine the lattice constants of the annealed samples, and 
also to determine the degree of magnetic alignment of the 
aligned samples. The R2Fe17NJC compounds were obtained by 
flowing purified nitrogen gas N2 over finely powdered 
R2Fe17 (<20 fim) in a quartz tube at 773 K for 10 h. The 
particle size of R2Fe17 is not expected to change during the 
nitrogenation process. It is therefore reasonable to assume 
that the R2Fe17N^ powder particles have the same size distri- 
bution as the R2Fe17 powder. The R2Fe17N!C particles were 

a) Author to whom correspondence should be addressed; electronic mail: 
kou@phys.uva.nl 
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mixed with epoxy resin and embedded into a teflon tube of 
cylindrical shape. The teflon tube was connected with a mo- 
tor that enables the tube to be spun in a static field of about 
1 T with the cylinder axis perpendicular to the field direction 
until the epoxy resin has solidified. This process ensures that 
the basal planes, perpendicular to the c axis, are aligned 
parallel to each other and that the c axis will be parallel to 
the cylinder axis. The details including a schematic illustra- 
tion of the sample-rotation magnetic-alignment method can 
be found in Ref. 3. X-ray diffraction performed on magneti- 
cally aligned samples with the sample surface parallel and 
perpendicular to the cylinder axis (i.e., to the c axis), indi- 
cates perfect magnetic alignment with respect to the c axis. 

The magnetization parallel to the c axis, the magnetic 
hard direction for all R2Fe17N^. compounds except for 
R=Sm, was measured from 5 to 300 K by means of the 
sample-extraction method in the 23 T resistive magnet at the 
Grenoble High Magnetic Field Laboratory. For calibration, 
the magnetization of the R^e^N* compounds was deter- 
mined in a superconducting quantum interference device 
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FIG. 1. Temperature dependence of the anisotropy field of R2Fe17Nx com- 
pounds with R=Y, Ce, and Gd. The data for Y2Fe17 and Gd2Fe17, taken 
from Ref. 3, are presented for comparison. 

6899 © 1998 American Institute of Physics 



6900 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Kou, de Boer, and Chouteau 

E 
< 

200- 

150 

c 
o 
1 
N 

<D 
C 
D) 
CO 

5 

100 

10 15 20 25 

Magnetic field u H (T) 

FIG. 2. The magnetization measured on magnetically aligned Pr2FenN27 

with the field applied in the [001] direction, the magnetic hard direction. The 
magnetization data in the easy direction has been obtained in a SQUID 
magnetometer in fields up to 5 T on fine powder consisting of small single 
crystals (<20/u,m) which were loosely loaded in the sample holder. The 
data at 23 T was taken as the same as at 5 T with the purpose to demonstrate 
the magnetic anisotropy. 
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FIG. 4. The magnetization measured on magnetically aligned Sm2Fe17N29 

with the measuring field applied perpendicular to the [001] direction. The 
magnetization data in the [001] direction has been obtained in a SQUID 
magnetometer in fields up to 5 T on fine powder consisting of small single 
crystals (<20/itn) which were loaded loosely in the sample holder. The 
data at 23 T was taken as the same as at 5 T with the purpose to demonstrate 
the magnetic anisotropy. 

(SQUID) magnetometer in field strengths up to 5 T on finely 
powdered single crystallites (< 20 /xm) which were loaded 
loosely in the sample holder so that they could be oriented by 
the applied field. During the measurements, the EMD of the 
single crystallites is always parallel to the field direction 
which ensures that the saturation magnetization is measured. 

III. RESULTS AND DISCUSSION 

X-ray diffraction shows that the R2Fe17NJI: compounds 
with R=Ce, Pr, Nd, and Sm have a rhombohedral structure, 
with R=Y, Ho, Er, Tm, and Lu a hexagonal structure and 
with R=Gd, Tb, Dy these two structures are coexisting. This 
is similar to their R2Fe17 parent compounds. The Fe- 
sublattice anisotropy in R2Fe17Nx compounds can be esti- 
mated from a study of compounds in which the R-sublattice 
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FIG. 3. The magnetization measured on magnetically aligned Nd2Fe17N2.95 

with the field in the [001] direction, the magnetic hard direction. The mag- 
netization data in the easy direction has been obtained in a SQUID magne- 
tometer in fields up to 5 T on fine powder consisting of small single crystals 
(<20 fxm) which were loaded loosely in the sample holder. The data at 23 
T was taken as the same as at 5 T with the purpose to demonstrate the 
magnetic anisotropy. 

anisotropy is absent. This is the case for R=Y, Gd, and Lu. 
Y and Lu are nonmagnetic, and Gd is an S-state R element 
which in principle does not contribute to the anisotropy in 
Gd2Fe17NJ. Due to the tetra-valent state Ce, the Fe- 
sublattice anisotropy can be also evaluated by studying 
Ce2Fe17NJC. Figure 1 shows the temperature dependence of 
the anisotropy field HA of R2Fe17N_v compounds with R=Y, 
Gd, and Ce, obtained by analyzing the magnetization curves. 
The values of HA were determined to be the field where a 
singularity appears in the curve of d2M/dH2 versus H. This 
is basically the idea of the singular-point-detection (SPD) 
method which has been widely used to determine the anisot- 
ropy field directly on polycrystalline magnetic materials.7 

The values of HA of Y2Fe17 and Gd2Fel7 obtained from a 
previous study3 are presented for comparison. It is evident 
that at low temperature the anisotropy field of Y2Fel7NA. and 
Gd2Fe17Nx is much lower than that of Y2Fe17 and Gd2Fe17. 
For the Fe sublattice, the magnetic anisotropy energy Ea 

equals 0.5 HAMS where HA is the anisotropy field and Ms 

the spontaneous magnetization. The Ms values of R2Fe17 are 
only slightly changed upon nitrogenation. It can therefore be 
concluded that at low temperatures the Fe-sublattice anisot- 
ropy in R2Fe17Nj compounds is lower than that in the corre- 
sponding R2Fe17 compounds. Compared to the Fe-sublattice 
anisotropy, the R-sublattice anisotropy is, in most cases, 
dominating at low temperatures. The Sm-, Er-, and Tm- 
sublattice anisotropy favor an EMD parallel to the c axis 
both in R2Fe17 and in R2Fel7Nx compounds. Tm2Fe17 is the 
only compound in the whole R2Fe17 series which shows a 
spin-reorientation transition at about 72 K.8 This transition is 
caused by competition between the planar Fe sublattice and 
the uniaxial Tm sublattice. Partly due to the lowering of the 
Fe-sublattice anisotropy in R2Fe17NA. compounds, a spin- 
reorientation transition at 146 K is also induced in 
Er2Fe17N30.9 Very exciting is that the Sm2Fe17Nx becomes 
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easy-axis materials over the whole temperature range of 
magnetic ordering, which makes it a very promising candi- 
date for permanent magnets fabrication. 

In a previous study,4 a pronounced first-order magneti- 
zation process (FOMP) in Pr2Fe17 with the field applied in 
the [001] direction has been reported. The EMD of the 
Pr2Fe17 is not changed upon nitrogenation. Therefore, it is 
interesting to study whether the FOMP is still present in 
P^FenN,.. The magnetization at various temperatures from 
4.2 to 300 K of magnetically aligned Pr2Fe17N-c was mea- 
sured with the field applied in the [001] direction. In Fig. 2, 
the measurements at 4.2 and 300 K are shown. No indication 
of an anomaly is found in the magnetization curve in the 
[001] direction, suggesting that the FOMP found in Pr2Fe17 

is suppressed after nitrogentation. The absence of any 
anomaly in the magnetization curve of Pr2Fe17NJ. has also 
been reported by Isnard et dl.10 The FOMP is a field-induced 
magnetic phase transition11 which is strongly related to the 
magnetic anisotropy. In R2Fe17Nx compounds containing a 
magnetic R ion, both the R- and the Fe-sublattice contribute 
to the total magnetic anisotropy. The Fe-sublattice anisot- 
ropy does not show any anomaly in the temperature depen- 
dence. It can therefore be concluded that, in general, the 
crystalline electric field acting on the magnetic R3+ ions 
cause the FOMP transitions. Figure 3 shows the magnetiza- 
tion curves measured on magnetically aligned Nd2Fe17N295. 
Similar to what was found in Pr2Fe17N27, no FOMP transi- 
tion is detected for Nd2Fe17N295 in [001] direction where a 
FOMP exists in the corresponding Nd2Fen. The same is true 
for Tb2Fe17N2 9. 

As discussed above, Sm2Fe17 is the only compound of 
the whole R2Fe17 series having the EMD changed from basal 
plane in Sm2Fe17 to c axis in Sm2Fe17N^. The magnetic 
alignment of fine particles of Sm2FenN29 was made by us- 

ing the conventional static-field-alignment method. In Fig. 4, 
the magnetization measured on magnetically aligned 
Sm2Fe17N2 9 is shown. It is evident that the magnetic anisot- 
ropy of Sm2Fe17N2 9 is huge. At 300 K, a field strength of 23 
T in hard direction is not yet enough to get the magnetization 
saturated. Liu et al.n reported that, at 4.2 K, the magnetiza- 
tion in the hard direction is not saturated at a field strength of 
38 T. 
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Coercive Sm2Fe17N3: A model pinning system created by heavy 
ion irradiation 
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Swift high energy (5 GeV) Pb ion irradiation has been employed to create defects in the high 
performance permanent magnet material Sm2Fei7N3. Total ion fluences in the range from 10" to 
2X 1013 ions/cm2 were studied. In Mössbauer spectra at 26 and 300 K, both a paramagnetic doublet 
and a broad ferromagnetic contribution characteristic of an amorphous or strongly disordered phase 
are found to be induced by irradiation. Magnetization reversal was studied and coercivity is found 
to increase upon irradiation, up to fivefold at 5 K (fi0Hc= 1.5 T) for the highest ion fluence. Initial 
magnetization curves of the irradiated samples are characteristic of material with a pinning type 
coercivity mechanism with a maximum initial depinning field of 0.4 T for the highest fluence. 
Magnetization measurements made parallel and perpendicular to the ion beam direction suggest that 
the defects created are highly anisotropic in shape. The temperature dependence of the coercivity 
has been analyzed within the framework of the Gaunt model of domain wall pinning. © 1998 
American Institute of Physics. [S0021-8979(98) 19811-0] 

I. INTRODUCTION 

Magnetization reversal in hard magnetic materials with 
magnetocrystalline anisotropy is generally described within 
the framework of a nucleation/propagation model. Magneti- 
zation reversal is a three step process: first nucleation of a 
small volume of reverse magnetization at defects such as 
inclusions, precipitates, or grain boundaries with the forma- 
tion of a domain wall at the defect-matrix boundary; then 
transfer of this domain wall to within the hard matrix phase 
and finally its propagation through the whole grain in order 
to achieve full reversal. Depending on which of these stages 
dominates, one talks of nucleation or pinning-type coerciv- 
ity. As most permanent magnets are of the nucleation type, a 
considerable amount of experimental and numerical work 
has been devoted to magnetization processes in such 
systems.1 Given the complexity of the microstructure in real 
magnets, recent attempts have focused on model systems 
formed either by diluting the matrix phase in a nonmagnetic 
phase or by patterning thin films into arrays of identical, 
noninteracting particles.2'3 So far much less attention has 
been devoted to pinning-type systems. One-dimensional cal- 
culations predict the pinning force to be maximum when the 
defect size is comparable to the domain wall width Sw .4 As 
high performance metallic permanent magnets are generally 
intermetallic 3 d-Af compounds, the magnetocrystalline an- 
isotropy is very large, thus leading to domain wall widths of 
a few nanometers.5 An increase in coercivity may therefore 

"'Electronic mail: ndempsey@vaxl.tcd.ie 

be expected for nanometer-scale defects. Swift heavy ions 
are known to create nanometer sized defects in some metallic 
targets.6 Latent tracks have been observed in metals when 
the energy deposited by electronic excitations is above a 
threshold value.7 The configuration of the latent tracks 
gradually changes from strings of small separated damaged 
droplets to more or less homogeneously damaged cylinders 
as the electronic stopping power is increased above this 
threshold. 

Pinning has already been observed in ion-irradiated gar- 
nets, where the domain walls are wide, after appropriate 
chemical etching of the damage tracks.8 In this article, we 
report on the direct development of pinning type coercivity 
by the controlled creation of defects by swift heavy ion irra- 
diation. The material studied is Sm2Fei7N3 (SW=3A nm), an 
intermetallic 3d-4f compound which exhibits much poten- 
tial as a permanent magnet material, e.g., large magnetiza- 
tion, large uniaxial anisotropy, and high Curie temperature.9 

II. EXPERIMENTAL DETAILS 

Sm2Fe17 powder with a particle size of 20-65 fim was 
nitrided in a flowing mixed gas (NH3+H2) system. Traces of 
a Sm rich phase were found in the parent material. To pre- 
pare samples for ion irradiation, the powder was mixed with 
epoxy resin (2:1 by wt) and sandwiched between two 15 yum 
sheets of Al foil. The thickness of the powder and epoxy 
mixture was then reduced to 50 /xm by lamination in a roller 
mill. Several square sections (16 mm2) were then cut from 
the same sheet and irradiated with a 5 GeV Pb56+ ion beam 
at the GANIL accelerator in Caen, France. The total fluence 
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FIG. 1. Mössbauer spectra of a nonirradiated reference sample ($ 
= 0 ions/cm2) and the sample irradiated with highest fluence ($ = 2 
X 1013 ions/cm2) at room temperature. 
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FIG. 2. Hysteresis loops of a reference sample (nonirradiated) together with 
those of the samples irradiated at 1012 (solid square), 5 X 1012 (solid circles), 
and 2 X 1013 ions/cm2, measured at 5 K. 

ranged from 10n to 2X 1013 ions/cm2. The penetration depth 
of the ions in the magnetic material was estimated from the 
TRIM code10 to be of the order of 100 /mm. Mössbauer spec- 
troscopy was carried out at 26 K and at room temperature 
with a 57Co source in a rhodium matrix. Magnetic measure- 
ments were performed between 5 K and room temperature 
on an 8 T vibrating sample magnetometer (VSM) and a 10 T 
extraction magnetometer. 

III. RESULTS AND DISCUSSION 

Mössbauer analysis was used to evaluate the total 
amount and magnetic nature of the defect induced by irra- 
diation. The room temperature Mössbauer spectra of a refer- 
ence sample and of the sample irradiated at the highest flu- 
ence are given (Fig. 1). In the reference sample, about 3% of 
a paramagnetic phase is detected. This may be attributed to 
the decomposition products of the Sm rich trace phase during 
the NH3+H2 heat treatments.11 The spectrum of the irradi- 
ated sample has an additional paramagnetic doublet centered 
about zero velocity and a broad ferromagnetic contribution 
characteristic of an amorphous or strongly disordered phase. 
The total paramagnetic contribution accounts for about 17% 
of the Fe atoms. The quantity of the additional broad ferro- 
magnetic contribution is estimated to be about 35%. The 
ratio of the additional paramagnetic to ferromagnetic phases 
decreases from 1:2 at room temperature to 1:3.5 at 26 K. 
These results indicate that the defects created are not of a 
uniform magnetic nature. This is not surprising as it is 
known that in Fe-based intermetallic alloys the magnetic 
configuration is very dependent on the Fe-Fe interatomic 
distances as well as on their coordination number. A core 
and shell defect of a different magnetic structure may thus be 
envisaged. 

The fraction of the total surface damaged, p, may be 
expressed as a function of the total fluence, $, and the area 
of a latent track of radius r, 

j?($,r)=l-exp(-77-r2$). (1) 

Assuming a minimum defect radius of about 1.5 nm, based 
on the results from other metals (Ref. 7), we expect about 

75% of the sample to be damaged at a fluence of 2X 1013 

ions/cm2 if the defects are continuous tracks. As Mössbauer 
measurements indicate a maximum of 52% damage, at this 
fluence discontinuous tracks are most likely. 

The hysteresis loops of some irradiated samples, mea- 
sured at 5 K, are compared with that of a reference nonirra- 
diated sample (Fig. 2). The coercive field is defined as the 
field at which the irreversible susceptibility is maximum. It 
increases upon irradiation, up to fivefold for the highest flu- 
ence of 2X 1013 ions/cm2, where we have made the approxi- 
mation that (Xm)^(dM/dH). The initial magnetization 
curves of the reference sample and the two samples of high- 
est fluence are given (Fig. 3). In the reference sample, the 
initial susceptibility is large which indicates free motion of 
the domain walls, as expected for large multidomain par- 
ticles. In the irradiated samples, the initial susceptibility is 
practically zero until a critical field is reached. Such a behav- 
ior is generally ascribed either to single domain particles or 
to domain wall pinning in multidomain particles. As the size 
of the ferromagnetic particles is many times the critical 
single-domain particle size (dc = 03 /urn), the former is ir- 
relevant. This critical field, Hp, thus corresponds to the 
minimum field required to depin the domain walls from the 
irradiation induced defects. The coercive and depinning 
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il"  5xl()12 

^0^0988! 

••••'•••; "1 
■ ■■ Hi"1'" 

2xlOL 

1.5 
Field ('I') 

FIG. 3. Virgin magnetization curve of a reference sample (nonirradiated) 
together with those of the samples irradiated with 5 X1012 and 2 
X 1013 ions/cm2, measured at 5 K. 
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FIG. 4. Coercive and initial depinning fields as a function of ion fluence 

measured at 5 K. 

fields measured at 5 K are plotted as a function of the ion 
fluence (Fig. 4). 

Magnetization measurements made in-plane and out-of- 
plane, i.e., perpendicular and parallel to the direction of the 
ion beam, are reported for a total ion fluence of 1 
X1013 ions/cm2 (Fig. 5). The out-of-plane coercivity is sig- 
nificantly higher than the in-plane coercivity. However, no 
difference is observed in a reference sample. The pinning of 
a domain wall by spherical defects within a ferromagnetic 
grain should be independent of the orientation of the domain 
wall. This is not the case for cylindrical defects, a wall which 
is parallel to and travelling towards the defect should be 
pinned when it meets the defects as it is then in a minimum 
energy position [Fig. 5 inset (a)]. However, a wall which lies 
perpendicular to the defect and is travelling along its axis 
will not be pinned, as it will always be at the same energy 
[Fig. 5 inset (b)]. In an isotropic sample, the domain walls, 
which align with the easy axis of the grain, are randomly 
oriented. Grains which have their easy axis parallel to the 
applied field contribute most to the M(H) curve near Hc as it 
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FIG. 5. Demagnetization curves of an ion irradiated sample (10° ions/cm2) 
measured out-of-plane [(OOP), full circle] and in-plane [(IP), empty 
circles]. The derivatives of the fitted magnetization data which indicate val- 
ues of coercivity of 1.8 and 1.3 T for the OOP and IP measurements, re- 
spectively, are also given. Schematic diagrams of a domain wall travelling 
(a) parallel and towards and (b) perpendicular and along a cylindrical defect 

are included. 

is the projection of M along H which is measured. There- 
fore, a difference in the value of coercivity measured out-of- 
plane and in-plane for an isotropic sample reflects a differ- 
ence in the coercivity of grains with domain walls travelling 
parallel and towards the ion path compared with grains 
where the domain walls are travelling perpendicular and 
along the ion path. These results support the evidence for 
extended defects, though we can conclude the tracks are dis- 
continuous or continuous. 

Gaunt has studied the pinning of domain walls in ferro- 
magnetic materials.12 If the unpinning process involves 
breakaway from a single defect, and the volume swept out by 
the wall contains, on average, one replacement pin then we 
are dealing with "strong pinning." "Weak pinning" in- 
volves the cooperative breakaway from many pinning sites 
and pinning is due to a fluctuation in the pinning site density. 
The predicted temperature dependence of coercivity is dif- 
ferent for each regime. The temperature dependence of the 
coercivity of the sample irradiated with highest fluence has 
been analyzed and the observed result may be accounted for 
by weak pinning. 13 

IV. CONCLUSION 

It has been established that significant increases in coer- 
civity may be induced in coarse grained multidomain 
Sm2Fe17N3 by irradiation with swift high energy heavy ions. 
Initial magnetization curves of the irradiated samples are 
characteristic of material with a pinning type coercivity 
mechanism. Mössbauer analysis reveals that the irradiation 
induced defects have both paramagnetic and ferromagnetic 
contributions, a core-shell structured defect is suggested. 
Quantitative analysis of the spectra as well as magnetization 
measurements indicate that the defects are highly anisotropic 
in shape and discontinuous. The temperature dependence of 
the coercivity may be explained within the framework of the 
Gaunt model of weak pinning. 
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Hydrogenation and disproportionation of Sm2Fe17_xGax at high hydrogen 
pressures 
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In order to apply the hydrogenation-disproportionation-desorption-recombination process for the 
preparation of highly coercive Sm2Fe15Ga2C>,, which exhibits excellent magnetic properties 
together with a high thermal stability, the disproportionation of Sm2Fe17_A:GiaJ. was investigated. A 
systematic study of the hydrogen absorption behavior of Sm2Fe17_xGax (x = 0, 0.5, 1, and 2) at 
hydrogen pressures between 0.5 and 8 bar by means of hydrogen differential thermal analysis 
(HDTA) showed that increased hydrogen pressures promote the disproportionation of the stabilized 
2:17 phase. X-ray diffraction investigations of the HDTA samples showed a decreasing content of 
the 2:17 phase for increasing hydrogen pressures. It was possible to achieve a nearly full 
disproportionation even for the most stable compound Sm2Fe15Ga2 by applying a pressure of 8 bar. 
Microstructural changes within the disproportionated mixture as a result of the applied pressure 
have been documented in detail by high resolution scanning electron microscopy. © 1998 
American Institute of Physics. [S0021-8979(98)22611-9] 

Highly stable and coercive Sm2Fe17_xGaA.C), materials 
(l=£x, ;y=£3) produced by melt spinning1 or mechanical 
alloying2 are candidates for a new class of permanent mag- 
nets. The hydrogenation-disproportionation-desorption- 
recombination (HDDR) process is another, very effective 
method for the production of highly coercive Sm2Fe17Ny /Cy 

powders.3-5 In this process, coarse grained Sm2Fe17 dispro- 
portionates into an intimate mixture of SmHz (1.9^z^2.8) 
and a-Fe. In the second step, the hydrogen is desorbed and 
the constituents recombine into a fine grained microstructure. 
This material exhibits a high coercivity after subsequent ni- 
trogenation or carburization.6 However, the partial substitu- 
tion of Fe by Ga in Sm2Fe17 stabilizes the 2:17 phase against 
disproportionation by hydrogen. Therefore it is impossible to 
complete the HDDR process for a Ga content x>0.5 under 
standard conditions.7 In this work the hydrogenation and dis- 
proportionation step was carried out under increased hydro- 
gen pressure, using pressures up to 8 bar in order to achieve 
complete disproportionation of Sn^Fe^^Ga^ withx= 1 and 
2 into SmHz and a-(Fe,Ga). 

Elemental Sm, Fe, and Ga (purities 99.9%) were arc 
melted to form prealloys. The prealloys were melted together 
with additional Fe in an induction furnace. A Sm excess of 
30% was used to compensate for evaporation losses and to 
reach nominal compositions of Sm2Fe17_xGax with x = 0, 
0.5, 1, and 2. The samples were homogenized in an inert gas 
atmosphere at 1050 °C for 72 h. The resulting material was 
crushed into particles with diameters below 100 yum. 

The hydrogen absorption behavior was investigated by 
hydrogen differential thermal analysis (HDTA). For each ex- 
periment about 180 mg samples were heated in hydrogen at 
pressures between 0.5 and 8 bar with a heating rate of 5 

K/min. After heating up to 950 °C the samples were cooled 
down in hydrogen atmosphere. Phase changes during dispro- 
portionation were observed by x-ray diffraction (XRD) using 
Cu Ka radiation. Microstructural changes were investigated 
by means of high resolution scanning electron microscopy 
(HRSEM Hitachi S-4000 FE) in the backscattered mode. 

HDTA experiments at hydrogen pressures of 0.5, 1, 2,4, 
and 8 bar were carried out for all samples. The HDTA curves 
in Fig. 1 show the temperature difference AT between 
sample pan and reference pan for Sm2Fe16Ga during heating 
in hydrogen atmosphere. The AT peaks between 550 and 
800 °C are related to an exothermic reaction which can be 
attributed to the disproportionation of Sm2Fe16Ga. For in- 
creasing hydrogen pressures the temperature, at which the 

a)Author to whom correspondence should be addressed; electronic mail: 
Kubis@ifw-dresden.de 
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FIG. 1. HDTA curves of Sn^Fe^Ga for different hydrogen pressures. The 
exothermic peaks are related to the disproportionation of Sm2Fe16Ga into 
SmHz and cc-(Fe,Ga) and it can be seen that an increased hydrogen pressure 
promotes the disproportionation reaction. 
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FIG. 2. Disproportionation temperatures of Sm2Fe17_^Gai (x = Q, 0.5, 1, and 
2) for different pressures; plotted in the form T against log p, reasonably 
linear relationships are obtained. 

disproportionation peak occurs, decreases. This decrease can 
be explained in terms of a decrease of the free enthalpy of 
samarium hydride with increasing hydrogen pressure, which 
promotes the disproportionation reaction and increases the 
kinetics of this reaction. The effect of hydrogen pressure in 
this case is very similar to that found for the disproportion- 
ation of Nd2Fe14B.8 The same behavior was observed for all 
Sm2Fe17_^GaA. samples with x-0, 0.5, 1, and 2. The tem- 
peratures, at which the disproportionation peaks occur, are 
given in Fig. 2 for all samples and pressures. For 
Sm2Fei5Ga2, it was only possible to detect one peak, con- 
nected to the disproportionation at the highest pressure. For 
hydrogen pressures below 8 bar, the disproportionation reac- 
tion of this material was too sluggish to result in a defined 
exothermic peak. With increasing Ga content, the dispropor- 
tionation occurs at increasing temperatures due to the en- 
hanced stability of the 2:17 structure against the dispropor- 
tionation by hydrogen. A similar effect was observed for the 
disproportionation of Ga-containing Nd2Fe14B alloys.9 The 
fact that the Ga addition to the Nd2Fe14B phase increases the 
stability against disproportionation was reported earlier.10'11 

Thermodynamic model calculations showed that an in- 
creased stability of the Nd2(Fe, Ga)14B phase is caused by 
the substitution of Fe by Ga because of a less negative hy- 
dride formation enthalpy compared to that of the ternary 
Nd2Fe14B compound.12 The partial substitution of Fe by Ga 
in Sm2Fe17 seems to have a similar effect. 

The HDTA samples were also investigated by XRD and 
HRSEM. The XRD patterns of the HDTA treated 
Sm2Fei6Ga samples corresponding to Fig. 1 are presented in 

40 
20 (deg) 

FIG. 3. XRD patterns of Sm2Fe16Ga after hydrogen treatment at different 
pressures (corresponding to Fig. 1). Main reflections originate from ot- 
(Fe,Ga) and SmHz; remaining reflections of the nondisproportionated 2:17 
phase disappear with increasing hydrogen pressures. 

Fig. 3. Although there was only a very weak exothermic 
peak of the disproportionation at a pressure of 0.5 bar (see 
Fig. 1), the XRD patterns are dominated by the a-(Fe,Ga) 
and SmHz reflections, even for this relatively low pressure. 
The HRSEM images in Figs. 4(a) and 4(b) show the partially 
disproportionated structure of the Sm2Fe16Ga sample after 
HDTA at 0.5 bar. Figure 4(a) shows a detail of the reaction 
front between the gray region of nondisproportionated 2:17 
phase in the upper left corner and the disproportionated mix- 
ture of SmHz (bright) and a-(Fe,Ga) (dark). In the vicinity of 
the nondisproportionated phase, the disproportionated mix- 
ture has a lamellaelike appearance. Okada et al.13 character- 
ized the microstructural changes during the HDDR reactions 
of Sm2Fe17 by transmission electron microscopy. They ob- 
served a similar disproportionated microstructure which was 
described as rodlike or spherical SmH2 particles embedded 
in an a-Fe matrix. A similar microstructure consisting of 
NdH2 rods in an a-Fe matrix has been observed in dispro- 
portionated NdFeB-type material.14 According to these ref- 
erences, we suggest that the lamellaelike structures in Fig. 
4(a) are in fact SmH, rods embedded in a-Fe. The very fine 
SmHz rods with diameters of about 20 nm are formed during 
the eutectoid-type disproportionation reaction. This initial 
stage of the disproportionation reaction is very well observ- 
able due to the extremely slow reaction speed under the ap- 
plied conditions. With increasing distance from the reaction 
front, i.e., with increasing disproportionation time, the SmHz 

rods increase in diameter to about 150 nm and their shape 
transforms into a more irregular three-dimensional one. 
Similar coarsening processes had been observed for dispro- 
portionated Sm2Fe17 and NdFeB-type alloys.13'15 Figure 4(b) 
shows an image with lower magnification in order to give an 
overview of the partially disproportionated structure in the 
sample. The intensities of the reflections of the nondispro- 
portionated 2:17 phase in the XRD patterns in Fig. 3 de- 
crease with increasing pressure and the reflections disappear 
completely after the HDTA treatment at 8 bar. The fully 
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FIG. 4. HRSEM images of Sm2Fe16Ga after HDTA. Figure 4(a) shows a 
detail of the reaction front between nondisproportionated 2:17 phase (gray, 
upper left corner) and the disproportionated mixture of SmHz (white) and 
a-Fe (black). A coarsening of the SmHz phase with increasing distance from 
the reaction front is observable. Figures 4(b) and 4(c) show the different 
degrees of disproportionation of Sm2Fe16Ga after HDTA at 0.5 and 8 bar, 
respectively. 

disproportionated Sm2Fe16Ga material is shown in the 
HRSEM image in Fig. 4(c). The fine grained mixture of 
SmHz and a-(Fe,Ga) extends over the entire sample and re- 
mains of nondisproportionated 2:17 phase cannot be found. 
Again, very fine and somewhat coarser regions can be ob- 
served within the disproportionated mixture. 

The results of the XRD investigation of Sm2Fe15Ga2 af- 
ter HDTA at different pressures are in good agreement with 
the results obtained for Sm2Fei6Ga. The intensity of the re- 
maining 2:17 reflections of Sm2Fe15Ga2 (not shown) is larger 
due to the higher stability of the Ga richer compound against 
the disproportionation. However, the reflections associated 
with the 2:17 structure have almost disappeared after the 
HDTA treatment at 8 bar. 

In order to develop a submicron-grained hard magnet via 
the HDDR route, the disproportionated alloy has to berecom- 
bined into the original 2:17-type phase. However, one possi- 
bility is that the alloy recombines into the disordered 
TbCu7-type structure.4 An investigation of HDDR processes 
in Sm2Fe17_xGa_c by means of reactive grinding showed that 
the Ga substitution stabilizes the 1:7 structure.16 Desorption 
and recombination experiments on alloys studied in the 
present work, which were disproportionated by means of 
high hydrogen pressures, are still in progress. 

In summary, an enhanced hydrogen pressure has a favor- 
able effect on the disproportionation of Sm2Fe17_J.Gax. The 
complete disproportionation of the samples with high Ga 
content under increased hydrogen pressures is very promis- 
ing for an application of the HDDR process for the prepara- 
tion of highly stable and coercive gas carbonated 
Sn^Fen-^Ga^Cy powders, which could be used for the pro- 
duction of fully dense permanent magnets by hot compac- 
tion. 
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Electron microscopy studies of high coercive melt-spun Sm2+^Fe15Ga2C2 
permanent magnets 
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The influence of over-stoichiometric Sm contents on the magnetic properties of melt-spun Ga 
stabilized Sm2Fe17 carbides has been investigated. For optimum heat treated Sm2 + l5 Fe15Ga2C2 

ribbon flakes an increase of the room temperature coercivity could be observed from fi0Hc= 1.5 T 
for stoichiometric samples to /u,0//c=2.2 T for <?=0.15. This effect is very interesting because of 
the improved temperature stability. At 500 K a maximum energy density of (BH)max=3lA kJ/m3 

for «5=0.09 can be observed. It is assumed that a Sm-rich nonmagnetic intergranular phase 
decouples the grains magnetically and is consequently the origin of the high coercivities of these 
samples. Electron microscopy studies of these melt-spun Sm2+l5 Fe15Ga2C2 samples with different 
Sm contents have been performed by scanning electron microscopy (SEM) and transmission 
electron microscopy (TEM). A broad grain size distribution (50-250 nm) is observed in the SEM, 
but there is no difference among samples with different Sm contents. TEM studies show no change 
in grain shape with variation of the S value. High resolution TEM (HRTEM) studies indicate the 
existence of a very thin intergranular phase for samples with an excess of Sm which was proved 
using high resolution energy dispersive x-ray analysis (EDX) studies with a scanning TEM. These 
investigations show a significant increase of the Sm content at the grain boundaries for these 
highly coercive samples.   © 1998 American Institute of Physics. [S0021-8979(98) 16011-5] 

I. INTRODUCTION 

The magnetic properties of the binary alloy Sm2Fe17 

can be changed drastically by interstitial modifications of 
the rhombohedral Th2Zn17 structure. The planar aniso- 
tropy can be altered by carburation or nitrogenation to a 
uniaxial one with high anisotropy fields and a simultan- 
eous increase of the Curie temperature by more than 250 K.1 

For example, for Sm2Fe17C2 values of /u,0HA<^ 16 T and 
Tc« 670 K are observed.2 Full-potential linear-muffin-tin- 
orbital calculations have shown that the volume expansion 
favorably influences the magnetic properties of the hexago- 
nal and rhombohedral RE2Fe17 alloys whereas the chemical 
effect of the interstitial atoms detracts from them.3'4 But 
these Sm2Fe17(N,C)y alloys decompose at 7=600-700 °C 
into Sm(N,C) and a-Fe. In the case of carbides, the decom- 
position can be suppressed to temperatures up to r* 1000 °C 
by substituting Ga for Fe.5 

II. SAMPLE PREPARATION 

We have prepared several Sm2+(5 Fe15Ga2C), samples 
with different Sm contents by remelting a Fe15C3 prealloy in 
an arc furnace together with elementary Sm and Ga for sev- 
eral different times under argon atmosphere. The purity of 
the elements was at least 99.9%. The best magnetic proper- 
ties could be reached for all compositions by melt spinning 
the ingots into mainly amorphous ribbons followed by a sub- 
sequent crystallization treatment at 775 °C for 15 min under 
high vacuum. Both Sm and C evaporate during this proce- 

"'Electronic mail: vanlier@vaxph.mpi-stuttgart.mpg.de 

dure. Chemical analyses determined Sm contents of —0.05 
=£<Ss:0.19 and a carbon content of v = 2.18±0.05 for all 
samples. 

For the microstructural observations in the scanning 
electron microscope (SEM) the ribbon flakes were broken so 
that the cross sections of the ribbon flakes could be investi- 
gated. The plan-view transmission electron microscope 
(TEM) samples were prepared by electrochemical polishing 
followed by Ar-ion-beam milling. To suppress changes of 
the microstructure during ion milling the samples were 
cooled with liquid N2. 

III. RESULTS AND DISCUSSION 

The magnetic measurements were performed in 
a PAR vibrating sample magnetometer (VSM). The 
Sm2 + (5 Fe15Ga2C2 samples exhibit a well squared hysteresis 
loop and only a small field range in which the demagnetiza- 
tion takes place.6 The coercivity of the samples is nearly 
independent of Sm content with values of fi0Hc^ 1.5 T 
(T= 300 K) for 8^0.03 as shown in Fig. 1. These values are 
in good agreement with recent results for stoichiometric me- 
chanical alloyed, intense ball milled and melt-spun 
Sm2Fe17_J(:Ga^C), samples.7-9 But for higher Sm contents the 
coercivity is drastically enhanced with a saturation-like be- 
havior at fi0Hc^2.2 T for S^0.09. The demagnetization 
curve of the sample with 5=0.19 exhibits two steps with two 
different critical fields (fi0Hltit^0J T, n0H2

ait~2.2 T) lead- 
ing to a lower coercivity. We assume that this is affected by 
a small amount of a second hard magnetic phase occurring 
for high Sm contents. The vertical dotted line in Fig. 1 indi- 
cates the end of the stability range of the 2:17 phase. 

As the maximum energy density (BH)mm at elevated 
temperatures is governed by irreversible demagnetization 

0021 -8979/98/83(11 )/6908/3/$15.00 6908 © 1998 American Institute of Physics 
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FIG. 1. Coercive field ßoHc vs Sm excess S at room temperature for 
samples of the Sm2+c5 Fe15Ga2C2. The vertical dotted line indicates the end 
of the stability range of the left phase. 

processes, the enhanced coercivities improve the temperature 
stability of the magnets. At T=500 K the maximum energy 
density is enlarged from (BH) 500 K_ : 25 kJ/m  for stoichio- 
metric compounds to (5H)^K=31.4 kJ/m3 for <J=0.09. 

The drastic effect of 8 on the extrinsic property fioHc 

which was found in the whole ferromagnetic temperature 
range could not be correlated to a change of intrinsic mag- 
netic properties. The intrinsic properties especially the an- 
isotropy constants Kx and K2, which were determined in 
the temperature range from T=80 K to T=570 K for three 
samples with different Sm contents (S = 0.03, 0.05, 0.09),6 

are independent of the Sm content. Also, the Curie temp- 
erature Tc is not affected by S. A detailed analysis of 
temperature dependent hysteresis measurements within the 
nucleation model10'11 shows that over-stoichiometric Sm in 
Sm2+a Fe15Ga2C2 magnets reduces the effect of internal 

FIG. 2. SEM micrographs of Sm2+l5 Fe15Ga2C2 samples with (5= -0.05 (a) 
and 5=0.19 (b). 

FIG. 3. TEM micrographs of Sm2+cS Fe15Ga2C2 samples with ,5=0.00 (a) 
and 5=0.11 (b). 

stray fields on the coercivity.12 Combining this information 
leads to the assumption that the change of the coercivity is 
forced by a Sm-rich nonmagnetic intergranular phase which 
decouples the grains magnetically comparable to Nd-rich 
Nd2Fe14B permanent magnets.13'14 To prove this and to ex- 
clude the influence of other changes in the microstructure we 
performed different electron microscopy studies. 

A high resolution field emission SEM DSM 982 
GEMINI (Zeiss) was used to investigate the grain size of the 
annealed ribbon flakes. Figures 2(a) and 2(b) shows the mi- 
crographs of the cross sections for two samples with 
8= -0.05 and «5=0.19, respectively. A broad grain size dis- 
tribution can be observed for both samples, with comparable 
fractions of coarse and fine grains. At a higher magnification 
the grain sizes can be estimated to be d*»50 nm in the finely 
grained regions at the wheel side of the ribbon and <i«250 
nm in the coarsely grained regions on the gas side. But there 
is no difference for samples with different Sm contents. 

Conventional TEM and high resolution TEM (HRTEM) 
studies where performed in a JEOL JEM 4000 FX electron 
microscope at an acceleration voltage of 400 kV. No signifi- 
cant differences between samples with different Sm contents 
could be observed considering the shape of the grains as 
shown in the TEM micrographs of Fig. 3 in the case of 
<5=0.00 [Fig. 3(a)] and 5=0.11 [Fig. 3(b)]. The grains of 
both samples are very irregular and have very sharp edges 
and bent surfaces, leading to large stray fields and conse- 
quently to relatively low coercivities compared to the theo- 
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FIG. 4. HRTEM micrograph of a Sm2 + ÄFe15Ga2C2 sample with 5=0.11. 

retical upper limit //™nÄ=5.3 T for isotropic magnets. The 
minimum nucleation field for misoriented grains //™n is de- 
duced from the nucleation model. 

HRTEM investigations indicate the existence of a very 
thin intergranular phase for over-stoichiometric samples. 
This is shown in Fig. 4 for <S=0.11 where this phase has a 
width of b^O.7 nm. It should be mentioned that the average 
value of b is smaller and that this phase is often not visible 
because of canted orientations of the grain boundaries. This 
boundary phase was not found in stoichiometric samples. 

To prove the existence of this intergranular phase we 
performed high resolution energy dispersive x-ray (EDX) 
analyses with a so called "dedicated scanning TEM 
(STEM)." The electron source of this STEM, dedicated for 
high resolution chemical analyses, is a cold field emission 
source with a beam diameter of 1 nm at a beam current of 1 
nA and an energy bandwidth of less than 0.5 eV. The accel- 
eration voltage was 100 kV and the EDX analyses were per- 
formed on a reduced area of 3 nm X 4 nm. The EDX spectra 
measured with a Noran HP Ge detector (high purity germa- 
nium) can only be analyzed qualitatively. We investigated 
several regions of the samples by a relative comparison of 
the compositions in the grain boundary phase and within the 
grains. The sample with 8= 0.11 exhibits an enhanced value 
of the Sm content in the grain boundaries. The difference of 
the average values measured for the Sm content in the grain 

boundaries (13.1 at. %) and in the grains (12.2 at. %) is ASm 
= 0.9 at. %. As the width of the intergranular phase is only 
b*=>0.5 nm, this phase has a contribution of only approxi- 
mately 15% to the EDX measurement over the investigated 
area of 3 nm X 4 nm. This leads to a corrected change of the 
Sm content of ASm«5 at. % which corresponds to a signifi- 
cant enhancement of the Sm content in the boundary phase 
of about 40%. In contrast to this, we found no differences in 
the compositions of grains and grain boundaries in the 
sample with 8= 0.00. 

IV. CONCLUSION 

We have reported a strong influence of the Sm content 
on the coercive field of melt-spun Sm2 + <5 Fe15Ga2C2 perma- 
nent magnets which is not forced due to changes of the in- 
trinsic properties. Furthermore, it was shown that neither the 
grain size nor the grain shape is affected by the Sm content. 
A Sm-enriched boundary phase could be observed in 
samples with over-stoichiometric Sm contents. This inter- 
granular phase decouples the grains magnetically and is the 
reason for the enhanced coercivities and the improved mag- 
netic properties at elevated temperatures. 
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Crystallographic properties of Nd2Fe17N3 have been investigated using powder neutron diffraction 
techniques at pressures up to 7.3 GPa. With increasing pressure, the unit cell volume of Nd2FenN3 

decreases almost linearly at a rate of 6.1 A3/GPa without undergoing a phase transformation or 
expelling the interstitial nitrogen atoms. The observed rate of contraction corresponds to a bulk 
modulus of 1.4X 1011 N/m2 for Nd2Fe17N3. The unit cell volume of Nd2Fe17N3 at 7.3 GPa is 
approximately equal to that of Nd2Fe17 at atmospheric pressure. Even though the unit cell of 
Nd2Fe17 expands anisotropically due to nitrogenation, contraction of the Nd2Fe17N3 unit cell under 
pressure appears to be isotropic with lattice parameters a and c decreasing by approximately 1.8% 
as the sample pressure increases from ambient to 7.3 GPa. © 1998 American Institute of Physics. 
[S0021-8979(98)35911-3] 

I. INTRODUCTION 

The increase in Curie temperature which accompanies 
the interstitial nitrogenation1 of R2Fe17 (R=rare earth) type 
intermetallics is generally attributed to the resulting longer 
near neighbor iron-iron distances. However, it has been 
pointed out2'3 that the relationships between near neighbor 
iron-iron distances and magnetic properties, especially the 
Curie temperature, of rare earth iron intermetallics are com- 
plex and not well understood. 

Measuring the crystallographic and magnetic properties 
of a given sample under different pressures would enable one 
to study the direct correlation between the interatomic dis- 
tances and magnetic interactions. High pressure magnetic 
properties, especially the Curie temperature, of several rare 
earth transition metal intermetallics have been reported by 
several workers,4-9 see Table I. Unfortunately, studies on 
structure-pressure relationships are less common and limited 
to measuring compressibility8'9 at different pressures and 
temperatures. However, more detailed information on 
structure-pressure relationships (dependence of the lattice 
parameters and interatomic distances on sample pressure) is 
necessary for a better understanding of the role played by 
interatomic distances in determining magnetic properties. 
Herein we report the preliminary results from a neutron dif- 
fraction study of Nd2Fe17N3 at pressures up to 7.3 GPa. 

II. EXPERIMENTAL METHODS 

Nd2Fe17 samples were prepared from elements of purity 
99.9% at. % or better by induction melting followed by an- 
nealing at 1000 °C for 72 h. Nd2Fe17N3 was synthesized by 

gas phase insertion of nitrogen into finely ground (maximum 
particle size was 50 fi) Nd2Fe17 at 450 °C and 10 MPa. The 
phase purity of the samples was checked by x-ray diffraction 
on a Guinier Hägg camera using Cu Ka radiation. The nitro- 
gen content, lattice parameters, and atomic positions for the 
Nd2Fe17N3 sample were determined from a powder neutron- 
diffraction pattern obtained at 23 °C and atmospheric pres- 
sure at the University of Missouri Research Reactor (MURR) 
using 1.4766 Ä neutrons. Neutron diffraction data obtained 
at MURR were refined using the FULLPROF code10 on the 
basis of the Th2Zn17-type structure. 

Time of flight neutron diffraction patterns at high pres- 
sure were obtained at 23 °C on the high intensity powder 
diffractometer (HIPD) at the Manual Lujan, Jr. Neutron Scat- 
tering Center (MLNSCE), Los Alamos National Laboratory. 
The sample used was a wet mixture of approximately 90 mg 
of Nd2Fe17N3 powder, 160 mg of NaCl powder, and Florinert 

TABLE I. Structural and magnetic properties of several rare earth transition 
metal intermetallics at high pressure. 

Max pressure Compressibility dTJdP 
Material (GPa) (GPa-1) (KGPa"1) Ref. 

Nd2Fe17N3 7.3 7X10"3a This work 
Ce2Fe17H3 1 -58 7 
Nd2Fe,4B 4 -26 5 
Nd2Fen 1.4 -36 6 

Nd(FeTi)l2 0.9 -27 8 
Nd3Fe29 1 7X10"3b -28 9 

"Reciprocal of the bulk modulus calculated from neutron diffraction data. 
bCalculated from linear thermal expansion data as described in Ref. 9. 

0021 -8979/98/83(11 )/6911/3/$15.00 6911 11998 American Institute of Physics 
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FIG. 1. X-ray diffraction patterns measured at 23 °C and atmospheric pres- 
sure of Nd2Fe17N3 (a) before and (b) after the high pressure experiment. 
Diffraction pattern (b) contains lines due to NaCl which was added to the 
Nd2Fe17N3 sample as a pressure sensor during the high pressure experiment. 

FC-70.11 Diffraction lines from NaCl were used to monitor 
sample pressure.12 The purpose of using Fluorinert was to 
provide a hydrostatic pressure medium. Approximately 100 
mm3 of the slurried sample were loaded into a Paris- 
Edinburgh pressure cell13 with tungsten carbide anvils. 
Ti-Zr gaskets were used to contain the sample. Each data set 
was collected in two detector banks centered at ±90° for 
about 10 h at an average proton current of approximately 70 
ytiA on the spallation source. Six data sets were collected at 
0.27, 1.44, 2.21, 3.55, 5.54, and 7.30 GPa. Time of flight 
neutron diffraction data were analyzed using the GSAS 
code.14 An x-ray diffraction pattern of the sample used for 
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FIG. 2. Time of flight neutron diffraction data collected at 7.3 GPa on 
detector bank No. 3 for Nd2Fe17N3. A preliminary fit used to obtain lattice 
parameters is also shown. 
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TABLE II. Lattice parameters of Nd2Fe17N3 obtained by refining time of 
flight neutron diffraction patterns measured at 23 °C. 

TABLE III.   The lattice parameters of Nd2Fe17 at ambient pressure, 
Nd2Fe17N3 at ambient pressure before and after the high pressure experi- 

Lattice parameter 
ment, ana JNa2t

,e17rM3 at i.i Ufa. 

a{k) c(k) Vol. (Ä3) ale 
(GPa) «(A) c(k) Vol. (A3) ale 

Nd2Fe17 at 1 atm 
Nd2Fe17N3 at 1 atm 
% change Nd2Fe17 

to Nd2Fe17N3 

Nd2Fe17N3 at 7.3 GPa 
Nd2Fe17N3 % change 
ambient to 7.3 GPa 
Nd2Fe]7N3 at 1 atm 

after high pressure 
experiment 
Nd2Fe17N3 at 1 atm % 

change after high 
pressure experiment 

8.600(1) 
8.774(3) 
2.02 

8.617(6) 
-1.8 

8.768(2) 

0.07 

12.483(2) 
12.660(2) 

1.42 

12.433(8) 
-1.8 

12.652(3) 

0.07 

799.7 
844.1 

5.6 

799.6 
-5.6 

842.5 

0.2 

0.689 
0.693 
0.6 

0.693 
0.0 

0.693 

0a 

0.27 
1.44 
2.21 
3.55 
5.54 
7.23 

8.7740 
8.7652 
8.7378 
8.7232 
8.6976 
8.6546 
8.6170 

12.6605 
12.6557 
12.6172 
12.6047 
12.5646 
12.4799 
12.4339 

844.07 
842.06 
834.25 
830.64 
823.15 
809.54 
799.56 

0.6930 
0.6926 
0.6925 
0.6921 
0.6922 
0.6935 
0.6930 

"From neutron diffraction data obtained at MURR. 

the high pressure experiment was obtained at atmospheric 

0.0 

pressure on a Philips PW 1800/10 x-ray diffractometer using 
Cu Ka radiation. This x-ray diffraction pattern was analyzed 
using the FULLPROF code. 10 

III. RESULTS AND DISCUSSION 

X-ray diffraction patterns of Nd2Fe17N3 measured before 
the high pressure experiment, see Fig. 1(a), indicate that the 
sample is single phase except for a small amount of a-Fe. 
Analysis of the neutron diffraction pattern obtained at ambi- 
ent pressure for Nd2Fe17N3 at MURR confirmed the nitrogen 
content to be three per formula unit. All time-of-flight neu- 
tron diffraction data, see Fig. 2, could be fit based on the 
Nd2Fe17N3 structure indicating that the sample did not un- 
dergo a phase transformation during exposure to high pres- 
sure. 

Dependence of the lattice parameters and the unit cell 
volume of Nd2Fe17N3 on sample pressure, see Table II, is 
shown in Figs. 3 and 4, respectively. The unit cell of 
Nd2FenN3 contracts with increasing pressure at a rate of 6.1 
Ä3/GPa. This rate corresponds to a compressibility of 7 
X 10~3 GPa"1 or a bulk modulus of 14X 1011 Nm"2. The 
unit cell volume of Nd2Fe17N3 at 7.3 GPa is approximately 
equal to that of Nd2Fe17 at atmospheric pressure. Even 
though the unit cell of Nd2Fe17 expands anisotropically when 
nitrogenated, contraction of the Nd2Fe17N3 unit cell under 
pressure appears to be isotropic with both a and c lattice 
parameters decreasing by approximately 1.8% as the sample 
pressure increases from ambient to 7.3 GPa, see Table III. 

The similarity of the lattice parameters and unit cell vol- 
ume, obtained by refining the x-ray diffraction patterns 
shown in Fig. 1, of Nd2Fe17N3 before and after the high 
pressure experiment, see Table III, strongly suggests that the 
interstitial nitrogen atoms were not expelled during exposure 
to high pressure even though the unit cell of Nd2Fe17N3 was 
compressed down to the size of Nd2Fe17. The stability of 
Nd2Fe17N3 under high pressure is in sharp contrast to its 

thermal instability which leads to expulsion of nitrogen by 
decomposition when heated beyond 550 °C.15 

Results discussed herein have established the need to 
measure the Curie temperature of Nd2Fe17N3 at comparable 
pressures. Such an experiment is now in the design stage. 
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A neutron diffraction structural study of R2Fe17_xAlx(C) (R=Tb, Ho) alloys 
W. B. Yelon,a) H. Luo, and M. Chen 
Research Reactor Center, University of Missouri-Columbia, Columbia, Missouri 65211 

W. C. Chang and S. H. Tsai 
Department of Physics, National Chung Cheng University, Ming-Hsiung, Chia-Yi, Taiwan, 
Republic of China 

The title compounds were confirmed to have the Th2Zn17 type rhombohedral structure (space group 
R2m) except for Ho2Fe16Al and Ho2Fe15Al2 which have the Th2Nin type hexagonal structure (space 
group P63/mmc) while Ho2Fe13Al3 is a mixture of the two phases with the hexagonal phase 
dominant. A larger unit cell favors the formation of an ordered rhombohedral phase rather than a 
disordered hexagonal phase. Both the substitution of Fe by Al and the insertion of C can expand the 
cell and lead to the formation of an ordered rhombohedral phase. The site preferences of Al are 
somewhat different with and without C. In both series, C is mainly found at the 9e interstitial site. 
© 1998 American Institute of Physics. [S0021-8979(98)20211-8] 

I. INTRODUCTION 

It is well known that both the insertion of C and N1-3 

and the substitution of Fe by Al, Ga, Si4-8 can lead to a great 
enhancement in the magnetic properties of the rare-earth 
transition metal compounds. One advantage of the carbides 
over the nitrides is that C atoms cannot only be introduced 
into the compounds from gas phase reaction but can also be 
introduced directly from melting, leading to better thermody- 
namic stability. The upper limit for C concentration by gas 
phase insertion is near 3 C atoms per formula unit with a 
fully filled octahedral 9e site. However, it is hard to intro- 
duce more than one C atom/f.u. from the melt. It was found 
that with certain substituents for Fe, such as Ga and Al, 
higher C concentration (> 2 C atoms/f.u.) can be achieved in 
some 2-17 carbides.9-11 As part of a comprehensive study on 
the effect of combined substitutional-interstitial modification 
on the structure and magnetic properties of the rare-earth 
(RE)2Fe17 compounds, especially with a higher substituent 
concentration, Tb2Fe17_xAl^C, Ho2Fe17_J.AlA:, and 
Fk^Fe^jAljC (x= 1 -4) have been studied by neutron dif- 
fraction and magnetic measurements. The magnetic proper- 
ties of the carbided samples were reported elsewhere.12 Here 
we report the structural details of these samples. 

II. EXPERIMENT 

All samples were prepared by arc melting of the con- 
stituent elements of purity at least 99.9% in a high purity 
argon atmosphere at the National Chung Cheng University in 
Taiwan. For the carbided specimens, a master alloy of Fe3C 
is first melted in a vacuum induction furnace from pure Fe 
metal and graphite. The samples were remelted several times 
and then homogenized at 1100 °C for 24 h. Neutron diffrac- 
tion data were collected on less than lg of powdered 
samples at the University of Missouri Research Reactor us- 
ing the high resolution position-sensitive detector (PSD) dif- 
fractometer. The samples were contained in thin wall V cans 

"'Electronic mail: yelon@reactor.murr.missouri.edu 

and were measured at room temperature. The neutron wave- 
length used was 1.7675 Ä. The data were accumulated in 24 
h with 20 ranging from 5° to 105° in 0.05° steps. The neu- 
tron diffraction powder patterns were analyzed by the 
Rietveld method13 using the FULLPROF program for multi- 
phase refinement, including magnetic structure refinement. 
Tc was measured by thermogravimetric analysis (TGA). 

III. RESULTS AND DISCUSSION 

Tb2Fe17_xAlAC, Ho2Fe17_jAl,.C, and Ho2Fe13Al4 were 
confirmed to have the Th2Zn,7 type rhombohedral structure 
(space group R3m) while Ho2Fe16Al and Ho2Fe15Al2 have 
the Th2Ni17 type hexagonal structure (space group 
P63 /mmc), and Ho2Fe14Al3 is a mixture of the two phases 
with the hexagonal phase dominant (67 wt %). The refine- 
ment results for Tb2Fe17_J.AlA.C and Tb2Fe17^AL. (data 
from Ref. 14) are shown in Table I and those for the Ho 
specimens are shown in Table II. All samples are almost free 
of a-Fe(<0.5 wt %). 

From Tables I and II, it can be seen that the hexagonal 
Ho samples have the smallest unit cells. This indicates that 
the size of the unit cell is a determinant factor in forming 
either an ordered rhombohedral phase or a disordered hex- 
agonal phase. The substitution of Fe with bigger Al atoms 
and/or the insertion of C atoms expand the cell and resemble 
the bonding for light (and larger) rare-earths which crystal- 
lize in the ordered rhombohedral structure. The unit cell vol- 
ume increases about 2 Ä3/f.u./Al atom, with or without C. A 
small deviation is found with Ho2Fe13Al4, which may reflect 
the discontinuity from the phase transition. In the carbided 
samples, the effect of different C contents has been taken 
into consideration. 

The Al site occupancies for Tb2Fe17_xAlAC and 
Tb2Fe17_AAlx are shown in Fig. 1. Compared with the data 
for Tb2Fe17^xAlx, Al still prefers the Fe(18A) site and to- 
tally avoids Fe(9d) (not shown in the figure) in the carbided 
samples. The Al occupancies in the carbided samples at 18/z 
are higher than that in samples without C. In Tb2Fe15Al2C, 
Al has a lower occupancy at the Fe(6c) as compared to 
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TABLE I. The refinement results and Tc for Tb2Fe17_ jAljC and Tb2Fe17_ XMX. Data for Tb2Fer -jAlj are from Ref. 14. Numbers in parentheses are 
uncertainties. 

Compound Tb2Fe16Al!C Tb2Fe15Al2C Tb2Fe14Al3C Tb2Fe13Al4C Tb2Fe15Al2 Tb2Fe14Al3 Tb2Fe13Al4 

*(A1), refined 1.01 2.09 2.82 3.94 1.98 3.14 4.08 
y(C), refined 0.96 1.07 0.97 1.06 - - - 
a,k 8.6189(1) 8.6343(2) 8.6581(1) 8.6826(1) 8.5768(2) 8.6011(2) 8.6212(1) 
c,k 12.4697(3) 12.4919(3) 12.5316(3) 12.5814(3) 12.5191(4) 12.5549(3) 12.5872(2) 
V/f.u., Ä3 267.40 268.84 271.18 273.802 265.8 268.1 270.1 
Tb, 6c z 0.3425(4) 0.3430(4) 0.3424(3) 0.3424(4) 0.3413(4) 0.3408(3) 0.3406(3) 
Fe, 6c z 0.0957(5) 0.0953(3) 0.0956(2) 0.0963(3) 0.0958(3) 0.0957(2) 0.0941(2) 
Fe, 18/* 0.2878(4) 0.2878(2) 0.2865(2) 0.2860(2) 0.2964(2) 0.2947(1) 0.2896(1) 
Fe, 18ft x 0.1688(3) 0.1695(2) 0.1698(2) 0.1698(2) 0.1676(1) 0.1684(10) 0.1690(1) 
Fe, 18/i z 0.4881(4) 0.4885(2) 0.4879(2) 0.4876(2) 0.4921(2) 0.4920(10) 0.4895(1) 
/i, Tb 6c -6.0(3) -5.4(1) -5.1(2) -4.5(2) -4.5(1) -4.3(1) -4.1(1) 
/i, Fe 6c 2.7(4) 2.7(1) 2.6(2) 2.7(4) 2.7(2) 3.0(1) 3.1(1) 
/t, Fe 9d 1.9(3) 1.8(1) 1.7(2) 1.4(2) 1.9(1) 1.9(1) 2.0(1) 
fi, Fe 18/ 1.4(3) 1.4(1) 1.2(2) 1.1(3) 1.9(1) 2.0(1) 2.1(1) 
/x, Fe 18/; 1.3(2) 1.4(1) 1.1(2) 1.0(5) 1.5(1) 1.8(1) 1.6(1) 
X2 1.93 2.66 1.73 1.32 2.57 2.49 2.56 
R factor 4.85 5.10 4.43 4.59 5.88 5.24 5.26 
Rw factor 6.28 6.51 5.72 5.85 6.80 6.10 5.95 
/?mag factor 8.47 8.92 10.8 10.5 10.1 8.23 5.07 
Tc, K 529 529 516 475 a a a 

aNo r, data from Ref. 14. 

Tb2Fe15Al2, but the Al atoms fill up the 6c site more rapidly 
at a higher concentration which results in a higher 6 c occu- 
pancy in Tb2Fei3Al4C than in Tb2Fe,3Al4. The behavior at 
the Fe( 18/ ) site at higher concentration is just the opposite. 
C is found at the octahedral 9e site. 

The behavior of the Al occupancies in Ho2Fe17_xAlxC 
(Fig. 2) is similar to that in the Tb carbides, namely Al atoms 
prefer the 18h site and fill up the 6 c site more rapidly at 
higher concentration. C is only found at the 9e site. Because 
of the similarity in site environment between the hexagonal 
structure and the rhombohedral structure, the Al site occu- 
pancies shown in Table II for the hexagonal phase in 

Ho2Fe17_A.AlJ. (x= 1-3) are those of equivalent sites in the 
rhombohedral structure. For the hexagonal structure, it is 
straightforward to figure out the Al occupancies at 6g, 12k, 
and 12/ (equivalently 9d, ISh, and 18/J in the rhombohedral 
structure, respectively) because there is no reason to believe 
these sites are not fully filled. The Al occupancies at the 
dumb bell 4e/4f sites can also be determined with the as- 
sumption that every possible dumb bell site is fully occupied 
by either a dumbbell or a rare-earth atom, that is, the occu- 
pancy of the rare-earth 2b site and that of the Fe 4e site add 
up to 1 and so do the rare-earth 2c and Fe 4/. Thus, the 
hexagonal structure can be fully modelled and refinement 

TABLE II. The cell parameters, Tc, Al site occupancies for Ho^e^^Al^C and Ho2Fe17_^Alj.. For the hexagonal phase in Ho2FeI7_ 
site occupancies shown are those at equivalent sites of the rhombohedral structure. Numbers in parentheses are uncertainties. 

lAlx(x= 1-3), the Al 

Compound Ho^e^AljC Ho2Fe15Al2C Ho2Fe14Al3C Ho2Fe13Al4C Ho2Fe16Al, Ho2Fe,5Al2 Ho2Fe14Al3 Ho2Fe13Al4 

x(Al), refined 0.98 2.23 3.01 4.02 1.40 2.12 3.11 3.94 
y(C), refined 0.78 1.04 0.76 0.83 - - - - 
a, k 8.5840(2) 8.6092(2) 8.6312(2) 8.6539(2) 8.4961(3) 8.5226(3) 8.5506(4) 8.5949(6) 
c, k 12.4531(3) 12.4819(4) 12.5173(4) 12.5600(3) 8.3145(4) 8.3278(4) 8.3468(4) 12.5650(9) 
V/f.u., Ä3 264.89 267.07 269.19 271.54 259.88 261.93 264.251 267.95 
Al%, 6c 5.4(6) 10(1) 22(1) 32(1) 3(1) 15(2) 17(3) 30(2) 
Al%, 9d 0.0 0.0 0.0 0.0 7(1) 11(2) 8(2) 0.0 
Al%, 18/ 4.0(6) 11(1) 11(1) 18(1) 10(1) 11(1) 19(3) 23(2) 
Al%, 18/j 10.6(6) 22(1) 30(1) 38(1) 10(1) 12(1) 21(3) 33(2) 
ix, Ho 6c -4.2(1) -3.9(1) -3.2(2) -2.4(2) -4.2(1) -3.7(1) a -4.3(3) 
ß, Fe 6c 25(1) 2.2(2) 2.4(2) 2.5(2) 1.0 1.1 a 1.6(5) 
ix, Fe 9d 1.7(1) 1.7(1) 1.5(2) 1.3(1) 1.0 1.1 a 0.9(3) 
ix, Fe 18/ 1.2(1) 1.2(1) 1.2(2) 1.2(2) 1.0 1.1 a 0.6(4) 
/u, Fe 18/! 1.3(1) 1.2(1) 1.1(2) 1.2(2) 1.0 1.1 a 0.6(4) 
X2 2.02 3.51 2.51 2.00 2.02 2.24 3.65 1.98 
R factor 4.63 5.69 4.74 4.77 4.95 4.76 6.18 6.21 
Rw factor 5.95 7.48 6.09 6.17 6.22 6.07 8.19 7.78 
Ämag factor 15.0 15.3 10.9 11.5 15.6 13.4 15.1 
Tc, K 486 501 484 442 379 405 417 408 

"Moments not refined. 
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AI   content 

FIG. 1. Al site occupancies as a function of the Al contents in 
Tb2Fe17^^Al^C (closed symbols) and Tb2Fe17_jAlx (open symbols). Squares 
represent the site occupancies at the Fe(6c), circles for Fe(18/ ), and tri- 
angles for Fe(18/i). 

results are shown in Table II. The Al 6g occupancy in the 
hexagonal structure is surprising since no Al is found at the 
cognate 9d site in the rhombohedral structure as in 
Ho2Fe17_j.AlxC and Ho2Fe13Al4. 

From the TGA results, the Curie temperatures of the 
carbides are much higher than those of their uncarbided 
counterparts. However, within the same series, even though 
the unit cell volume increases almost linearly with the Al 
concentration, Tc reaches a maximum between x=l and 2 
for R2Fe17_;cALC (Tables I and II), while for Tb2Fe17^AlA. 
(data not yet published) and Ho2Fe17_^Alx, Tc peaks around 
x-3. Longer bond lengths resulting from the Al substitution 
and/or C insertion favor the ferromagnetic exchange and thus 
increase the Tc of the compound. However, as more Al 
atoms are introduced into the compound, magnetic exchange 
will be lost. That is why Tc declines with higher Al content. 
The shifting of the peak of Tc towards the lower Al concen- 
tration region with C may be caused by the change in Al site 
occupancies after the introduction of C or by bond lengths 
longer than optimum. 

Magnetic refinements show that the moments for both 
the rare-earth and Fe atoms are along the basal plane in 
samples with and without C. The moments for Tb and Ho 
atoms couple antiferromagnetically to the Fe sublattice, as 
expected. The Fe 6 c moments have the highest refined val- 
ues in the Fe sublattice. 

Al content 

FIG.   2.   Al   site  occupancies   as   a  function   of  the  Al   contents   in 
Ho2Fe17_iAl,C. 
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High remanence (Sm, Zr)Fe7Nx+a?-Fe nanocomposite magnets 
through exchange coupling 

T. Hidaka, T. Yamamoto, H. Nakamura, and A. Fukunoa) 

Materials Research Center, TDK Co., 570-2 Matsugasita, Minami-Hatori, Narita-shi 286-8588, Japan 

We have investigated the influence of a-Fe content on the magnetic properties of (Sm, Zr)Fe7N^ 
+ a-Fe nanocomposite permanent magnet materials. As a-Fe content increases, the saturation 
magnetization and the remanence increase while the coercivity decreases monotonously. Also we 
confirmed the influence of microstructure on magnetic properties. Uniform and fine grain sizes of 
around 20 nm realized high remanence and high squareness of demagnetizing curve such as Br 
= 9.9kG, HeJ= 9.1 kOe, HklHeJ=29.9%, and (5#)max= 17.8 MGOe. These experimental 
results agree well with micromagnetic calculations by other researchers. Compaction-molded 
bonded magnet was prepared by magnetic powders with magnetic properties of Br = 9.9kG, 
HcJ= 8.2 kOe, (ß//)max= 17.5 MGOe and 2 wt% of epoxy resin. Bonded magnet with a density of 
5.91 g/cm3 showed high magnetic properties as follows: Br=7.6kG, Hc/=8.4kOe, and 
(£#)max= 12.0 MGOe.   © 1998 American Institute of Physics. [S0021-8979(98)22711 -3] 

I. INTRODUCTION 

These days, nanocomposite magnets, which consist of 
magnetically hard and soft phases, have gained much atten- 
tion because of their high remanence and maximum energy 
products. So many theoretical and experimental investiga- 
tions of these magnets have been reported.1-8 

Isotropie (Sm, Zr)Fe7R,.+ a-Fe nanocomposite magnet, 
which was developed by the authors through a rapidly 
quenching method including heat treatment and nitrogena- 
tion, showed magnetic properties high enough for practical 
use.9-12 Also this nanocomposite magnet has shown small 
deterioration of magnetic properties during pulverization and 
stable magnetic properties for long time aging at elevated 
temperature compared with isotropic Nd2Fe14B single phase- 
type magnetic powders.10 

In this article we focused on the influence of a-Fe con- 
tent and also microstructure on the magnetic properties of 
(Sm, Zr)Fe7N,.+ a-Fe nanocomposite magnets. We also 
verified the agreement between experimental results and the- 
oretical calculations for nanocomposite magnets. 

II. EXPERIMENT 

The Sm-Zr-Fe-Co alloys were rapidly solidified by 
melt spinning onto a Be-Cu roller at a substrate velocity of 
Vs = 75 m/s, under an argon atmosphere. As-quenched flakes 
were pulverized into particle size of less than 106 /tm. The 
heat treatment in order to form nanoscaled (Sm, Zr)Fe7 and 
a-Fe mixture was carried out over the temperature range of 
700-750 °C for 1 h on the overquenched powder samples in 
an argon atmosphere. After heat treatment, powders were 
nitrogenated at around 450 °C for 20 h in a nitrogen gas flow 
atmosphere. The composition of powder samples was 
checked by fluorescence x-ray method. The nitrogen con- 
tents were measured by mass analysis of gas evolved from 
high-temperature molten alloys. X-ray diffraction analysis 

was performed with Cu Ka radiation. Transmission electron 
microscopy (TEM) observation was made with a JOEL 
JEM-2000FX electron microscope operating at 200 kV. 
Magnetic properties of powders were measured by using a 
vibrating sample magnetometer (VSM) with the applied field 
of 20 kOe after pulse magnetization of 50 kOe. No demag- 
netization correction has been applied. Resin bonded mag- 
nets were fabricated with 2 wt% epoxy resin at a die press 
pressure of 12 ton/cm2 without magnetic field. Magnetic 
properties of bonded magnets were measured by using a 
B-H tracer with the applied field of 30 kOe. 

III. RESULTS AND DISCUSSION 

A. Influence of a-Fe content 

In order to investigate the influence of a-Fe content on 
the magnetic properties of (Sm, Zt)Fe1Nx+ a-Fe nanocom- 
posite magnet, magnetic powder samples with various Sm 
content were prepared. Their composition is shown in Table 
I. Nitrogen contents of samples were in a range of 3.7-4.0 
wt%. We calculated the a-Fe content for these samples. We 
did not discriminate Co from Fe, however Co ratio to Fe is 
around 0.05. A composition of Sm,0 4Zr3 5(Fe, Co)86_i has 
been used for (Sm, Zr)Fe7 phase with TbCu7 structure. This 
compositional analyzed value was obtained by TEM-energy 
dispersive spectroscopy (EDS) analyses on fine hard phase 
grains individually.12 The calculations were performed in the 

TABLE I. Composition of magnetic powder samples and calculated phase 
existence ratio of Fe. 

"'Electronic mail: afukuno@mbl.tdk.co.jp 

Sm Zr Fe+Co a-Fe FegZr SmFe7 

(at. %) (at. %) (at. %) (wt%) (wt%) (wt%) 

Powder A 8.16 3.40 88.44 16.33 1.68 81.99 
Powder B 7.82 3.41 88.77 18.81 2.03 79.16 
Powder C 7.79 3.42 88.79 19.00 2.08 78.92 
Powder D 7.70 3.42 88.88 19.64 2.16 78.20 
Powder E 7.42 3.46 89.12 21.64 2.51 75.85 

0021-8979/98/83(11 )/6917/3/$ 15.00 6917 © 1998 American Institute of Physics 
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FIG. 1. X-ray diffraction patterns of magnetic powder samples with various 
contents of Sm, which were summarized in Table I. 

following sequences. First, all of the Sm metal could form 
(Sm, Zr)Fe7 phase. Second, the rest of the Zr metal forms 
Fe3Zr.n Finally, the rest of the Fe metal exists as a-Fe 
phase. The results are given in Table I. X-ray diffraction 
patterns of these powders are shown in Fig. 1. The peak 
intensity of a-Fe increased with calculated value of a-Fe 
content. Dependence of the magnetic properties of these 
powders on a-Fe content is shown in Fig. 2. As a-Fe content 
increases, the saturation magnetization and the remanence 
increase while the coercivity decreases. These phenomena 
were reported theoretically6'7 and experimentally.8 Since al- 
most all the micromagnetic calculations applied for the 
Nd2Fe14B/Fe3B or Nd2Fe14B/a-Fe system, the calculated 
value does not coincide, but the tendency agrees well with 
these results. It was pointed out by Bauer et al. that the 
squareness of the demagnetization curve deteriorated with 
increasing a-Fe content.8 In our research, (ß//)max reached a 
peak at around 19 wt% of a-Fe, because the same heat treat- 
ment condition, including nitrogenation, was applied for 
sample powders A-E. However, optimization of the heat 
treatment condition will enable higher magnetic properties, 
especially for sample powder E. 

B. Influence of microstructure 

Figure 3 shows bright-field TEM micrographs of powder 
samples. Figure 3(a) shows uniform and fine grains, which 
size around 20 nm. Figure 3(b) shows less uniform grains 
including grain sizes of 60 nm compared with Fig. 3(a). Each 
magnetic powder showed magnetic properties as follows: (a) 
5r=9.9kG, Hc/=9.1kOe, Hk/HcJ=29.9%, (BH)max 

= 17.8 MGOe and (b) 5r=9.5kG, 77c/=9.8kOe, 
Hk/HcJ=22J%, (BH)ma%= 15.5 MGOe, respectively. 

We confirmed that fine and uniform microstructure real- 
ized higher remanence and Hk/HcJ ratio. 
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FIG. 2. Dependence of the magnetic properties on a-Fe content. 

Theory also predicts6'7 that the smaller and more uni- 
form microstructures are essential for higher remanence, es- 
pecially the Hk/HcJ ratio. The theoretical calculation on the 
influence of microstructure such as grain sizes and unifor- 
mity on magnetic properties agreed well with our experimen- 
tal results. 

C. Magnetic properties of bonded magnet 

Compaction-molded bonded magnet made by mixing 
with a 2 wt% epoxy resin was prepared with magnetic pow- 
ders with magnetic properties as follows: Z?r=9.9kG, HcJ 
= 8.2kOe, and (BH)max= 17.5 MGOe. The density of 
bonded magnet made with die press pressure 12 ton/cm2 was 
5.91 g/cm3. This value was 77% of the powder's density.9 

Demagnitization curve of bonded magnet is shown in Fig. 4. 
The bonded magnet showed excellent magnetic properties as 
follows: £r=7.6kG, #c/=8.4kOe, and (BH)max 

= 12.0 MGOe. These values are superior to commercially 
available isotropic Nd2Fe14B single-phase-type bonded mag- 
net. 

IV. CONCLUSIONS 

We have investigated the magnetic properties and the 
microstructures of (Sm, Zr)Fe7N^.+ a-Fe nanocomposite 
magnets. Observed behavior agreed with theoretical calcula- 
tions. 
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FIG. 3. TEM micrographs of magnetic powder samples of magnetic prop- 
erties as follows: (a) ßr = 9.9kG, HcJ=9.1kOe, HklHcJ=29.9%, 
(Bff)max=17.8MGOe and (b) Br=9.5kG, tfc/=9.8kOe, HklHcJ 
= 22.7%, (Btf)max=15.5MGOe. 

(1) When a-Fe content is in the range of 16-22 wt%, in- 
creasing a-Fe content, the saturation magnetization, the 
remanence increase, and the (BH)max reach a peak while 
the coercivity decreases monotonously. 

(2) As the microstructure of grains became smaller and more 
uniform, the magnetic properties of this magnet im- 
proved, especially the Hk/HcJ ratio. We also made 
bonded magnet and evaluated magnetic properties. 

Br=7.6kG 
HcJ=8.4kOe 
Hk/HcJ=35% 
(BH)max=12.0MGOe 

-10 -5 
Hex[kOe] 

FIG. 4. Demagnetization curve of a (Sm, Zr)(Fe, Co)7Nx+o:-Fe bonded 
magnet. 

(3) Compaction-molded bonded magnet showed excellent 
magnetic properties as follows: Z?r = 7.6 kG, HcJ 
= 8.4 kOe, and (BH)mm= 12.0 MGOe. 
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Effect of Al substitution on the local environments and magnetic properties 
of partially nitrogenated (Er0.5Pr0 5)2Fe17 permanent magnets 
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K. G. Suresh and K. V. S. Rama Rao 
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Extended x-ray absorption fine structure measurements of the Fe K, and Pr and Er Lni absorption 
edges, were carried out to elucidate the relationship between the local structure and magnetism in 
Al substituted, partially nitrogenated (Er05Pr05)2Fe17 permanent magnets. We find that the 
nitrogenation acts to dilate both the Fe-Fe and the (Pr,Er)-Fe bonds, thus raising the Tc via a 
magnetovolume effect. However, nitrogenation of Al-substituted samples acts to decrease the 
average Fe-Fe bond distance, thus reducing the exchange on the Fe sublattice and lowering Tc 

relative to the nitrogenated parent compound. This is opposite to the trend measured in systems 
when N is absent.   © 1998 American Institute of Physics. [S0021-8979(98)36011-9] 

I. INTRODUCTION 

In recent years the magnetovolume enhancement of the 
magnetic properties in the R2T17 (R: rare earths) permanent 
magnet compounds has been the subject of much activity. 
This trend has been spurred largely by the discovery that 
nitrogenation of these compounds expands the transition 
metal sublattice and results in a significant increase in the 
Curie temperature (rc).1-3 Following in this vein, others 
have experimented with the substitution of Al and Ga with 
mixed results.4-8 For example, combining neutron diffraction 
(ND) and Mossbauer effect (ME) measurements, Long 
et al.4 and Yelon et al.5 have reported compressive studies of 
the structure and magnetic properties of Al substituted 
Nd2Fen. This group of researchers have also reported simi- 
lar styled investigations of the effects of nitrogenation on 
Nd2Fe17

9 and Pr2Fe17,10 and the effects of Ga substitution in 
the Nd2Fe17 system.6 Suresh and Rama Rao (SRR) have re- 
ported on the magnetic, structural and transport properties of 
the (Er),Pr1_>,)2Fe17 compounds,11'12 as well as the effects of 
Al substitution,8 nitrogenation,12 and the combined use of Al 
substitution and nitrogenation on these properties.7'13 

In the case of Nd2Fe17_xAl^., Long and Yelon report a 
near-linear increase in lattice parameters and unit cell vol- 
umes with increasing x. A similar result was found by 
Suresh and Rama Rao in the (Er},Pr1_),)2Fe17_A.AlA. system. 
The Tc is reported to increase with increasing Al content for 
the Nd^en-jAL. samples, reaching a maximum near x 
= 3.5. For the (EryPr1_),)2Fe17_A.Al_t samples, Tc reaches a 
maximum for x=3, then drops precipitously for x>4. The 
agreement between these results and those of Long et al.4'9'10 

and Yelon et al.5 suggest that the choice of R plays a minor 
role in the effect of both Al substitution and nitrogenation. 

When Al substitution and nitrogenation are used in con- 
junction these trends appear to be violated. Taking the case 
of (Er05Pr05)2Fe17_xA^N>,, where v=l and x = 0-5, Tc 

decreases from the nitrided parent compound with increasing 
x, ultimately having no effect on the Tc for x>4. This result 
appears to be closely related to the degree of nitrogenation 
achievable when the parent compound contains Al substi- 
tuted for Fe. Suresh and Rama Rao report, in agreement with 

Buschow et al, the amount of nitrogen one can incorporate 
into the 2:17 structure is inversely proportional to the amount 
of Al, with y decreasing with increasing x until y=0 for 
x=6.7 

In this article, we explore the effects of Al substitution 
on the local structure and magnetism of the permanent mag- 
net, (Er0.5Pr0.5)2Fe17_xAl^N . 

II. EXPERIMENT 

The compounds were prepared by arc melting elements 
of 99.9% purity for Pr and Er and 99.99% purity for Fe and 
Al under dynamic positive pressure of Ar gas. The melted 
ingots were then homogenized at 900 °C for 7 days. The 
nitrogenation was carried out using a high pressure apparatus 
that was specifically designed for this purpose. The degree of 
nitrogenation was measured by monitoring the pressure drop 
in the reactor due to absorption by the sample. This appara- 
tus is described in detail in Ref. 12. 

Powder x-ray diffraction, using a fixed anode Co target, 
verified that all samples were nearly pure phase, with some 
having trace amounts of a-Fe. For the range of Al substitu- 
tion that we study here, 0=Sx=s3, the a and c parameters are 
measured to increase —1%. 

Magnetization measurements were carried out using a 
PAR vibrating sample magnetometer in the temperature 
range of 28-800 K, and Mossbauer effect (ME) measure- 
ments using a conventional fixed acceleration spectrometer 
with a 20 mCi 57Co source embedded in a Rh matrix over a 
temperature range of 18-700 K. We direct the reader to 
Refs. 7 and 13 for details of the long-range-structure and 
magnetic properties of these samples. 

In preparation of x-ray absorption measurements the 
powder samples were spread onto 3M Scotch Magic Tape™. 
Multiple layers of these powdered tapes were stacked in or- 
der to tailor the amount of absorption by the sample at the 
absorption edge being measured. This was done so as to 
optimize the signal to noise and to improve the uniformity of 
the sample exposed to the radiation. The x-ray absorption 
coefficient, in the range of the Fe K and Pr and Er Lm ab- 
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sorption edges, were measured in transmission mode using 
the X23B beamline14 at the National Synchrotron Light 
Source (Brookhaven National Laboratory). 

Following the procedural steps outlined in Ref. 15, the 
extended fine structure above the absorption edge was iso- 
lated, normalized to the edge energy and step height, and 
converted to photoelectron wave vector space (k). In k 
space, a cubic spline background was fit and removed from 
the data to minimize the nonoscillatory atomic background 
curvature, these data were then Fourier transformed (FT) to 
radial coordinates for examination of the local environments 
around the absorbing atoms. In this form the FT peaks are 
offset from their true bond distances by an electronic phase 
shift. 

Quantitative analysis of the local environment around 
Fe, Pr, and Er was performed by Fourier-filtering the NN 
peak in the FT EXAFS spectra and least squares fitting these 
data with simulated single-scattering EXAFS data generated 
using the FEFF (vs 6) codes of Rehr et al.16 This type analy- 
sis provides a quantitative measure of the nearest neighbor 
(NN) distance (i.e., bond lengths), Debye-Waller coeffi- 
cients (DWCs) (i.e., thermal and static atomic disorder), and 
the coordination number, i.e., the total number of atoms con- 
tributing to the local coordination sphere around the absorb- 
ing atoms. 
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FIG. 1. Fourier transformed Fe K EXAFS for (Er0.5Pr0.5)2Fe17_^Al;tN), 
where x = 0, 1, 2 and 3 and v = 0, 1. A ^'-weighting was applied to a 
fc-range of 2.3-13.25 Ä-1. The inset panel depicts a plot of the percent 
change in the calculated average Fe-Fe/Al bond distance and the Debye- 
Waller coefficient for the Fe coordination sphere relative to the same in the 
parent compound. These data were deduced from a least-squares fitting of a 
FF r range indicated by the arrows. 

III. RESULTS AND DISCUSSION 

We are limited by space considerations and provide only 
EXAFS analysis of the Fe K and Pr Lffl EXAFS. The Er Lin 

analysis is omitted here and will be presented elsewhere. 
Figure 1 is a plot of the FT Fe EXAFS collected from 

the Al-substituted and nitrided samples, together with data 
for the parent compound. These data have been analyzed 
using identical background removal procedures and FT pa- 
rameters, and are plotted on the same axes to allow for direct 
comparison. The x axis is limited to 1.0 Ä <r<5.0 Ä to 
allow a clear inspection of the NN region. Samples having 
x = 0, y = l; x = 0, y = 0; andx = 3, y = 1; are plotted with 
error bars that were calculated to reflect both the statistical 
uncertainty and the error introduced to the data from the 
procedural steps prior to and including the Fourier transfor- 
mation. The inset panel depicts a plot of the average Fe- 
Fe/Al bond distance (henceforth denoted (r)Fe_Fe/A1 and the 
average Fe-Fe/Al DWC (henceforth denoted (DWC)Fe_Fe/A1) 
calculated for the atoms contributing to the NN peak as a 
function of x. Values coinciding to the parent compound are 
to provide a reference baseline. 

In the FT data of Fig. 1 we see that significant structural 
change occurs around the Fe atoms with the substitution of 
Al. These are most visible as changes in the Fourier peak 
amplitudes appearing over 2 Ä<r<5 Ä and a shift in the 
position of the NN Peak. Because the NN peak of Fe is 
dominated by other Fe and Al atoms that are distributed on 4 
inequivalent sites (i.e., 6c, 9d, 18/, I8h) we opt to describe 
the environment as an average Fe-Fe/Al bond unless other- 
wise specified. This simplification reduces the number of ad- 
justable parameters in our fitting analysis from as many as 12 
to no more than 3. 

Upon nitrogenation the (r)Fe_Fe/A1 increases 0.9% from 
that of the parent compound. This result is a direct measure- 
ment of the dilation of the Fe coordination sphere which 
reflects the expansion of the Fe sublattice and accounts for 
the widely reported increase in Curie temperature experi- 
enced when the 2:17A are nitrided. With the substitution of 
Al we observe that (r)Fe_Fe/A1 decreases abruptly (-0.6%), 
plateaus, and then continues its decrease. Although, others 
have reported a unit cell volume increase with the substitu- 
tion of small amounts of Al (x<4) (sans N),4'8 we observe 
that in partially nitrided samples, the Al acts to contract the 
Fe coordination sphere relative to the nitrided baseline. This 
contraction is no doubt responsible for the measured de- 
crease in Curie temperature in these compounds, and is con- 
sistent with the ME results of Suresh and Rama Rao13 who 
found that the Tc and the HFF of all Fe sites reduce with 
increased Al content for these samples. 

The (DWC)Fe_Fe/A1 increases with increased Al content 
for 0<x<2, and experiences a relative decrease for x = 3. 
Because it is reasonable for one to assume that the thermal 
component to the DWC does not change appreciably with x, 
this trend largely reflects the static displacements of atoms 
about their mean bond distance. The abrupt reversal in the 
DWC for x = 3, and the corresponding reduction in the 
(r)Fe-Fe/Ai> signals increased ordering and a closer packing 
of atoms around the Fe atoms for x= 3. 

In separate fitting analyses, the Fe-Al correlations were 
fit simultaneously with the Fe-Fe correlations in the same 
manner as described in Sec. IIB. These fitting results (not 
shown) indicate that the Fe-Al bond undergoes an abrupt 
decrease for x = 3. The most plausible explanation of this 
result and the behavior of the average Fe environment is a 
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redistribution of Al atoms to sites having a closer NN dis- 
tance. 

Long et al.4 report that Al atoms preferentially reside in 
the 18/i site for low x (i.e., x<4), and prefer the 6c and 18/ 
sites for higher x (i.e., x>6). Because the 18/J sites have a 
NN distance of —2.576 Ä, while the 6c sites have a longer 
average NN distance of ~2.675 Ä, one would expect a slight 
dilation of the Fe coordination sphere.17 Instead we measure 
a distinct contraction of the Fe coordination sphere, suggest- 
ing that the behavior of the Al site filling is significantly 
effected by the presence of the N ions. Our measured con- 
traction is more consistent with a redistribution of Al atoms 
to the 9 d sites although we cannot rule out some other elec- 
tronic interaction which might facilitate a contracted bond 
distance without the need for redistribution of sites. 

Figure 2 is plots of FT Pr Lm EXAFS data for all 
samples. Because of the onset of the Fe K transition at 7112 
eV, the Pr Lffl extended fine structure is terminated at ap- 
proximately 11 Ä"1. Data for samples x = 0, y = 0; x 
= 0, y=l; andx — 3, y = 1 are plotted with error bars. Like 
the Fe data of Fig. 1, we see that nitrogenation acts to in- 
crease the radius of the Pr coordination sphere by 1.7%. The 
(DWC)Pr_Fe/A| increases 24%, compared to the modest in- 
creases of <1% for the Fe environment. This effect is fully 
consistent with what one would expect if the N ions were to 
occupy sites in close proximity to the R sites creating static 
strain fields between the R and Fe/Al NN atoms. This obser- 
vation is consistent with the results of Capehart, Mishra, and 
Pinkerton who performed EXAFS studies to determine the 
site occupation of the N interstitials, and concluded that they 

18 reside on the 9e sites. 
With Al substitution, the Pr environment experiences a 

steady increase in the atomic disorder as evidenced by the 
increase in (DWC)Pr_Fe/A1. In addition, the (r)Pr_Fe/A1 in- 
creases 1.0% for the range 1 <x<3, then experiences a small 
dip for x = 3. However, the FT of the x = 3 data clearly 
shows a large asymmetry in the NN environment indicating 
at least a bimodal distribution of bonds. Because we fit this 
range of data with a single "average" bond length a physical 
interpretation of the fitting results may not be tenable. Alter- 
natively, the appearance of this high-r asymmetry in the NN 
region is consistent with a preferential filling of Al on the 9d 
sites which have the largest Pr-Fe/Al bond distance, 3.342 
Ä. This result alone would not be compelling save for the 
trend in the Fe EXAFS data which supports a redistribution 
of Al atoms to the 9d sites as a source of the measured 
contraction of the Fe coordination sphere. 

In summary, we find the act of nitriding the 
(Er05Pr05)2Fe17 structure is to dilate both the Fe and Pr co- 
ordination spheres leading to an increase in the Tc via a 
positive magnetovolume effect on the Fe sublattice. Second, 
we report that in the concurrent use of Al substitution and 
partial nitrogenation acts to reduce the radius of the Fe co- 
ordination sphere thus reducing the Fe-Fe exchange and 
lowering Tc. 

We observe local structural changes around Fe and Pr 
with Al substitution that suggest either a preferential redis- 
tribution of Al atoms to the 9d sites for x3=3, or an elec- 
tronic interaction that facilitates a contracted bonding ar- 
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FIG. 2. Fourier transformed Pr Lra EXAFS for (Er05Pr05)2Fe17_^AliN)„ 
where x- 0,1,2 and 3 and y = Q, 1. A ^-weighting was applied to a k range 
of 2.3-10.9 Ä-1. The inset panel depicts a plot of the calculated average 
Pr-Fe/Al bond distance and the Debye-Waller coefficient for the Pr coor- 
dination sphere relative to the same in the parent compound. These data 
were deduced from a least-squares fitting of a FF r range indicated by the 
arrows. 

rangement for Fe and a dilated bonding arrangement for Pr. 
This result suggest that the presence of N in the unit cell 
alters the site filling characteristics of Al in this compound. 
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Magnetic and 57Fe Mössbauer spectra measurements were carried out to study the interstitial 
nitrogen atom effects in the NdFe10_5Vli5NA. (0=£x=s2.1) compounds. It is found that saturation 
magnetization, magnetocrystalline anisotropy, hyperfine fields, and isomer shifts of NdFe10.5V1,5Nx 

are strongly enhanced upon nitrogenation, due to magneto-volume effects and chemical bonding 
effects of nitrogen atoms. On the basis of the variation of isomer shifts and hyperfine fields as a 
function of nitrogen concentration, and by using a set of phenomenological formulas, the 
contributions of magneto-volume effect and the chemical bonding effect to the hyperfine parameters 
are successfully separated. The pure magneto-volume effect and the chemical bonding effect of the 
nitrogen atoms will give a positive contribution to the average hyperfine fields and isomer shifts of 
the Fe atoms in the NdFe^sV"! 5NX nitrides. © 1998 American Institute of Physics. 
[S0021-8979(98) 18511-0] 

I. INTRODUCTION 

Magnetic properties of ThMn12-type Fe-rich ternary in- 
termetallic compounds RFe12_ XMX, in which R is rare earth 
and M is Ti, V, Cr, Mo, Si, Mn, W and Al, can be consid- 
erably improved by introducing C or N atoms in the intersti- 
tial sites.1'2 Due to the interstitial nitrogen atom effect, 
NdFe^-jtMjNj, nitrides are considered as a candidate for 
permanent magnetic applications. The magnetic properties of 
the NdFe12_jMxNj, vary with the third element M. Among 
them, NdFe^-jtVjNy possesses a higher Curie temperature 
and a larger saturation magnetization (Ms). Therefore, the 
effects of the interstitial atoms on the magnetic properties of 
RF e^-jVjNy compounds are a topic of great interest from 
the point of view of theoretical studies or in the technical 
applications. 

The effects of C or N atoms in the interstitial sites could 
be decomposed into two parts: magneto-volume effect and 
chemical bonding effect. The theoretical effort to distinguish 
the influences of these two effects on the Fe moments has 
been made on the basis of calculations of local magnetic 
moments for different Fe sites in YFenTiN3'4 and 
R2Fe17Z3(# = Y,Gd,Z=C,N)5'6 by means of the local spin 
density approximation and linear muffin tin orbital theory. 
However, up to date, experimental investigations on them 
are rarely found in literature. Li et al. have investigated, by 
high pressure Mössbauer effect, the interstitial atoms effects 
in Gd2Fe17Cx ? Since the high pressure Mössbauer measure- 
ments are not easy to carry out, herein we try to experimen- 
tally separate these two effects from conventional Mössbauer 
measurements. For this purpose, Mössbauer spectra of 
NdFe105V15Nx with various nitrogen concentration were 
measured. And by using a set of phenomenological formulas, 
the contributions of magneto-volume effect and the chemical 

bonding effect to the hyperfine parameters are successfully 
separated. 

II. EXPERIMENTAL METHODS 

Parent alloys were prepared by arc melting of 99.9% 
pure metals in an argon atmosphere, followed by a heat treat- 
ment at 900 °C for three days. The homogenized ingots were 
pulverized into fine powders with an average size of about 
15 fim. Nitrogenation was performed by heating powders in 
purified nitrogen gas at atmospheric pressure at 500-600 °C 
for 1-8 h. X-ray diffraction (XRD) and chemical analysis 
were made to determine the structure and the nitrogen con- 
tent. The samples of cylindrical shape (03X4 mm) were 
aligned in a magnetic field of 10 kOe and fixed in epoxy 
resin. The magnetization curves of aligned samples were 
measured by a vibrating sample magnetometer with a field of 
up to 20 kOe at room temperature. 57Fe Mössbauer spectra 
were collected using a conventional constant acceleration 
spectrometer with a 20 m Ci source of 57Co in rhodium at 
room temperature. 

III. RESULTS AND DISCUSSIONS 

"'Electronic mail: jbyang@ibm320h.phy.pku.edu.cn 

Figure 1 shows the CuKa XRD patterns of the 
NdFe105VL5 and NdFeia5V, 5NX. The XRD patterns show 
that alloys before and after nitrogenation are of ThMn12-type 
tetragonal structure. It is evident that the diffraction peaks of 
NdFejo.sVuN^ shift to lower angle, indicating that the lattice 
expands after nitrogenation and the nitrogen atoms mainly 
occupy interstitial sites. The unit cell volumes V and relative 
change in unit cell volume upon nitrogenation, SV/V, are 
summarized in Table I. It can be seen from the table that the 
unit cell volume of NdFeu^V^N,,. increases with nitrogen 
content. This indicates that the higher nitrogenation concen- 
tration it is, the more nitrogen atoms it will enter into the 
interstitial sites. A number of neutron diffraction studies on 

0021-8979/98/83(11 )/6923/3/$15.00 6923 © 1998 American Institute of Physics 
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FIG. 1. X-ray diffraction patterns of the NdFe10.5V, .5 and NdFe105V, 5NX. 

YTiFe„N^, YFe10V2N,., and YFe10Mo2Nx or YFeuMoN^ 
have been made.8'9 All these studies lead to the same con- 
clusion that nitrogen atoms were found to occupy the octa- 
hedral 2b interstitial sites. Accordingly, full occupation of 
these 2b sites in the case of NdFeia5V1-5 nitrides leads to a 
composition as NdFei05Vi .5Ni 0. However, the experimen- 
tally estimated nitrogen content x ranges from 0 to as large 
as 2.1, which is much more than the theoretical value of one 
nitrogen atom per formula unit. This fact suggests that the 
nominal nitrogen content is much larger than the nitrogen 
occupancy number on the 2 b site. A neutron diffraction 
study to detect the location of additional nitrogen atoms in 
these compounds is on course. 

The measured values of saturation magnetization and an- 
isotropy fields Ha of NdFe105V15Nx are summarized in 
Table I. It is evident that a significant dependence of nitrogen 
content on saturation magnetization and magnetocrystalline 
anisotropy of NdFe10.5Vi 5NX is observed. The increase of the 
saturation magnetization is a result of the magneto-volume 
effect and the chemical bonding effect, which increases the 
Fe magnetic moments upon nitrogenation. It is clearly that 
the chemical bonding effect between N and Nd changes the 
sign of the second-order crystal field parameter of Nd and 
results in c-axis anisotropy in the nitrides.10 However, it is 
difficult to experimentally separate the influences of magne- 
tovolume effect and chemical bonding effect on the Fe mag- 

TABLE I. The unit cell volume V, relative changes in unit cell volume 
8V/V, and intrinsic magnetic properties of NdFe^.sV, 5N^.. The data errors 
were given in parenthesis. 

VWf 
-8-6-4-2   0     2     4     6     8 

Rala-tive   velocity    (mm/«) 

FIG. 2. Mössbauer spectra of NdFe10.5Vli5Nx at room temperature. 

netic moments in the nitrides. Accordingly, a Mössbauer 
study on these compounds was carried out. 

Representative Mössbauer spectra of NdFe10.5V1.5Njc 
measured at room temperature are shown in Fig. 2. The 
Mössbauer spectra of the NdFeio^Vj 5 and their nitrides have 
been fitted to eleven subspectra with relative intensities cal- 
culated by Denissen et al.'' and Sinnemann et al.n for simi- 
lar compounds with the ThMn12 structure. By assuming the 
V goes randomly to the 8i sites, the probability Pn{m) of 
finding m vanadium atoms in a shell of n 8/ nearest neigh- 
bors is given by the binomial distribution 

Pn(m) = m\{n-m)\xm(\-x)n- (1) 

where x is the concentration of vanadium atom. The relative 
intensities of the subspectra were given in Table II. On the 
basis of these probabilities, the subspectra with intensities 
less than 3% were neglected. This led to a maximum of 11 
subspectra for fitting a whole Mössbauer spectrum. The hy- 
perfine fields (ßhf) at three Fe sites take the order Bh^8i) 
>Bhf(8j)>Bhf(&f), according to the analyses and 
opinions.11"15 

The fitted hyperfine parameters are listed in Table III. 
The average hyperfine field (Bh{) increases monotonously 
with nitrogen content. This is due to the magneto-volume 
effect and chemical bonding effect of nitrogen atoms. The 
average isomer shift (IS) of NdFeI05Vi 5NX also steadily in- 
creases with the nitrogen content x. 

M^emu/g) Ha(T) TABLE II. Calculated intensities,  (%) for the different subspectra of 

X V(Ä3) SVIV(%) RT RT NdFe10.5V1.. Nx. 

0.00 344.4(3) 0.0 114.1(5) 0.5(4) Fe sites Fe nearest neighb ors 
0.56 
1.03 

349.2 
353.7 

1.4(2) 
2.7 

121 1 4 1 
124.8 6.2 13         12 11         10          9 8 7          6 

1.56 358.9 4.2 127.0 9.5 81 2.3       6.8 8.2       4.9        1.5 0.2 

1.69 360.0 4.8 129.2 9.9 87 5.8       14.0 12.6 5.0       0.8 

2.08 362.0 5.1 131.9 10.3 8j 5.8       14.0 12.6 5.0       0.8 
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TABLE III. The hyperfine parameters of NdFe1o.5VL5NJC at room tempera- 
ture. The isomer shifts are relative to a-Fe at room temperature. The data 
errors were given in parentheses. 

X BhfCD IS(mm/s) 

0.00 22.8(5) -0.123(3) 
0.56 25.1 -0.008 
1.03 27.9 0.044 
1.56 29.1 0.073 
1.69 32.5 0.081 
2.08 33.4 0.095 

The following two effects are responsible for the 
changes of the hyperfine parameters upon nitrogenation: (1) 
the magneto-volume effect due to the increase of the unit cell 
volume upon nitrogenation, (2) the chemical effect mainly 
due to charge transfer and hybridization between the intersti- 
tial atoms and the neighboring Fe atoms. According to the 
suggestion of Wagner and Wortmann for the metal 
hydrides,16 these two effects can be separated with a sets of 
phenomenological equations 

d In Bhf    / S In Bh{\   d(\n V)    / d ln(Bhf) 

dn SlnV dn 
+ 

dn 

dlS 

dn 

<?IS  \   d(ln V) 

d\n V dn 

<?IS 

dn 

(2) 

(3) 

where the Bhf and IS are the average hyperfine fields and 
isomer shifts of Fe atoms in the RFejo^Vj 5NX, V is the unit 
cell volume of NdFe10_5Yl 5NX, and n is a ratio of nitrogen 
atoms to the other metal atoms in a formula unit. In Eqs. (2) 
and (3), the first term gives the contribution of the magneto- 
volume effect and the last term is the contribution of the 
chemical bonding effect. 

Generally, (d h\BMld In V)„ and (<?IS/<? In V)„ are de- 
rived from the high pressure Mössbauer measurements. In 
spite of nonlinear dependence of the IS and Bh{ at Fe sites on 
V and n, in the first order of approximation, we supposed 
that (<? In 5^ In V)„=A, (d ln~B^{/dn)v = B, (dJS/d In V)„ 
=C, and ((?IS/<?«)„ = D are constant in these compounds, 
and quantitatively estimate the magneto-volume effect and 
chemical bonding effect. Then Eqs. (2) and (3) can be writ- 
ten as 

d In Bh(=A*d(ln V) + B*dn, 

dJS=C*d(lnV)+D*dn. 

(4) 

(5) 

Because we have prepared a series of samples with vari- 
ous nitrogen concentration and unit cell volume, the values 
of A, B, C, and D can be obtained through solving Eqs. (4) 
and (5). The values of d In V(dV/V) can be obtained from the 
x-ray diffraction measurements. By using values of the 
d In Bb{, dlS, d In V, and dn calculated from Table III and 
Table I, and solving the Eqs. (4) and (5) by using least- 

squares method, one derives the values of A=6.8 T and 
B=0.7 T, C=1.80 mm/s, and D=0.04 mm/s, respectively. 

It is noticed from the values of A and B that both 
magneto-volume effect and chemical bonding effect will in- 
crease the hyperfine field. This is in good agreement with the 
conclusion of the band calculation3 that nitrogen atoms will 
enhance the Fe moments not only through lattice expansion 
but also by changing the electronic bonding nature. The in- 
crease of the hyperfine field through magneto-volume effect 
is due to a decrease in Fe-Fe overlap. The formation of tight 
covalent bonding between neodymium and nitrogen atoms 
releases the Fe atoms from the bonding with neodymium 
atoms and then promotes the exchange splitting of the Fe 
atoms, which will further increase the magnetic moments 
and hyperfine fields of Fe atoms due to chemical bonding 
effect. The results of isomer shifts indicate that chemical 
bonding effect and magneto-volume effect will give rise to 
an increase of isomer shifts. It is easy to understand that the 
volume expansion will decrease s electron density in the 
nuclear sites which gives an increase to the isomer shifts. 
The value (<?IS/<? In V)= 1.80 mm/s is closed to that of 
NdFe12-xMoxN0.9 (2.0 mm/s).14 The chemical bonding effect 
of the nitrogen atoms promotes the mobility of the electrons, 
and then in turn decreases the s-like charge density at Fe 
nucleus, so that isomer shifts at Fe sites increase. 
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A study of nitrogenation of a NdFe12_xMox compound by in situ neutron 
powder diffraction 

C.-K. Loonga) and S. M. Short 
Argonne National Laboratory, Argonne, Illinois 60439 

J. Lin and Y. Ding 
Department of Materials Chemistry, Peking University, Beijing 100871, China 

The effects on the crystal lattice of a NdFe12-xMo^ (x=1.7) during controlled nitrogenation over 
the 25-600 °C temperature range were studied by neutron powder diffraction. Prior to nitrogenation 
the sample contained a major phase of NdFejo^Mo! 7 and a minor phase (—12 vol %) of bcc-Fe. 
The sample inside the furnace was connected to a closed volume of ultrapure nitrogen gas while 
neutron data were collected over regular time intervals during sequential heating. Substantial 
nitrogen absorption occurred between 500 and 600 °C. During the nitrogenation process the 
NdFe^-jtMOjNj, lattice expanded while the bcc-Fe lattice contracted. An increasing decomposition 
of the compound into bcc-Fe at 600 °C was observed. The average size of the NdFe12-^MoxN3, 
crystalline grains decreased starting at —300 °C, reaching a minimum at —500 °C and then 
increased markedly at higher temperatures. The development of lattice strains, on the other hand, 
showed an opposite trend, i.e., a maximum at 500 °C. © 1998 American Institute of Physics. 
[S0021-8979(98)29811-2] 

I. INTRODUCTION 

Interstitial introduction of nonmetallic atoms such as N, 
C, or B into rare-earth (R) transition-metal (TM) compounds 
is one of the effective methods for fabricating new hard mag- 
netic materials with improved properties. The method of gas- 
phase interstitial modification (GIM) has been applied to two 
families of R-TM intermetallics, the 2:17 and the 1:12 sys- 
tems, with Sm2Fe17N>, and NdFe12^xMo^Ny being the lead- 
ing targeted materials. Depending on the dissociation energy 
of the gas molecules, the strain-stress conditions of the lat- 
tice, and the nature of the gas-lattice interaction, these meta- 
stable phases of nitrides are formed within a relatively nar- 
row temperature window. A considerable amount of 
investigations of the reaction mechanism and phase forma- 
tion have been carried out for the Sm2Fe17N), compounds 
using the GIM method.1""5 The corresponding behavior of the 
NdFe^-jcMOjNy system, on the other hand, has not been 
well characterized. 

The crystal structure of the parent compounds of the 
1:12 family, RFe12_^Mx (M=Mo, Ti, V, Cr, W, or Si) is 
based on the ThMn12-type body-centered tetragonal structure 
(space group IAImmm, 2 formula units per cell).6 The inclu- 
sion of M atoms is essential to the stabilization of the 
ThMn12 structure. In the case of RFe10Mo2, the R, and Fe 
atoms occupy the 2a and (8i, 8;', 8/) sites, respectively, and 
the Mo atoms preferably occupy the 8i site. Upon nitroge- 
nation the lattice expands, causing a narrowing of the Fe 3d 
band and thereby a larger saturation moment and higher Cu- 
rie temperature.7 Since the N atoms occupy the 2b site which 
is in close proximity to the R atoms, the crystalline electric 
fields surrounding the R atoms are modified significantly.8 In 
RFe^-jMo^N-,, the magnetic anisotropy changes from planar 
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(for v = 0) to uniaxial along the c direction. The magnetic 
properties of RFe12_xMox and its RFe12-jMo^Ny (y<0=£l) 
have been investigated by many workers.8"17 

As the formation of RFe^-^M^Ny occurs within a rather 
limited composition range (1.5<x<2.5 and 0<y<l), 
many authors reported the observation of impurity phases, 
most often a-Fe, in the parent and/or nitrogenated 
materials.9""14'16,17 This difficulty has prompted an attempt in 
synthesizing NdFe10Mo2 using a polymer-network gel 
process.18 Concerns about the stability of the 2:17 com- 
pounds have led to numerous investigations of the MIG 
process.1-519 During the nitrogenation of Sm2Fe17, the dif- 
fusion of nitrogen into the bulk of particles via extended 
defects on the surfaces, the development of lattice strains, 
and the decomposition of the materials at high temperatures 
were studied by several workers.1'3'5 Similar studies of the 
NdFe12_xMoA:N>, system, to the best of our knowledge, have 
not been reported. In this article, we present the results of an 
in situ neutron-diffraction study of the nitrogenation process 
of a NdFe10i3Moli7 compound. 

II. EXPERIMENTAL DETAILS: RESULTS AND 
DISCUSSION 

The NdFe10_3MoL7 sample was prepared by arc melting 
under a purified argon atmosphere from the elemental mate- 
rials of at least 99% purity, followed by vacuum annealing at 
950 °C for a week. After cooling, the sample was ground 
into a powder with particle size, examined by optical micros- 
copy, about 20-30 /mm. X-ray diffraction analysis, carried 
out on a Regaku D/Max-2000 diffractometer, showed the 
TnMn12-type structure of the NdFe103MoL7 compound and a 
small amount of bcc a-Fe. 

The neutron diffraction experiment was performed using 
a time-of-flight powder diffractometer (SEPD) at the Intense 
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Pulsed Neutron Source of Argonne National Laboratory. The 
powder (~ 20 g) was held inside a cylindrical, thin-wall va- 
nadium tube. Four layers of very fine stainless-steel screens 
were laid at the open bottom and vent holes were left at the 
top of the tube to allow permeation of N2 gas. The sample 
tube was placed inside an insert of the furnace which was 
connected to a manifold of a gas handling apparatus filled 
with 1 / 99.999% pure nitrogen gas at 1 atm pressure and 
room temperature. After repeated purging, the nitrogen gas 
was expanded into the furnace insert, and the pressure was 
monitored throughout the experiment. The data were col- 
lected by detectors situated at mean scattering angles of 
±90° for which a resolution of Ad/d=0.5% can be 
achieved (d is the atomic plane spacing). By virtue of the 
highly collimated neutron entrance and exit in a 90°- 
scattering geometry and the negligible neutron coherent scat- 
tering amplitude of vanadium, Bragg-scattering intensity 
solely from the sample was recorded. The sample tempera- 
ture, monitored by thermocouples above and below the 
sample, were controlled at a selected temperature to within 
10 °C in all runs. The diffraction data were collected for 1 h 
at a constant temperature as the temperature was raised step- 
wise from room temperature to —600 °C. At about 450, 500, 
550, and 600 °C several 1 h runs were made in order to study 
the kinetics of N2 absorption. No attempt was made to wait 
until the saturated absorption before raising to the next tem- 
perature. Each data set analyzed by the Rietveld refinement 
technique using the generalized structural analysis system 
(GSAS) computer code,20'21 therefore represents the lattice re- 
sponse averaged over the 1 h period at a temperature during 
nitrogenation. 

In order to obtain information about the thermal expan- 
sion of the un-nitrogenated sample, measurements were also 
performed on a fresh powder from room temperatures to 
600 °C under a vacuum environment. 

Figure 1 shows a portion of the diffraction pattern typi- 
cal of runs at 134 and 596 °C. The fresh sample prior to 
nitrogenation contains a major phase of NdFe10 3Mo! 7 and a 
minor phase (—12 vol %) of bcc a-Fe. As the temperature 
increases from 24 to —450 °C, the unit-cell volume of both 
phases increase at a normal rate as expected from thermal 
expansion. At — 500 °C, however, the salient drop of the 
nitrogen gas pressure in conjunction with a shift of the d 
spacing and the intensities of the Bragg reflections indicate 
clearly the formation of nitride NdFe^MouNy. The 
weighted R factors of the two-phase structural refinements 
varies from —8% at room temperature to —12% at 600 °C. 
Figure 2 shows the unit-cell volume of the nitride and a-Fe 
phases as well as the 2b site occupancy of nitrogen and the 
a-Fe volume fraction as a function of temperature. By com- 
paring with the unit-cell volumes of the un-nitrogenated 
phases [Fig. 2(a)], it can be seen that over a 7 h period at 
500 °C the unit cell of NdFe10JMOJ -7Ny expands continu- 
ously as more N atoms diffuse into the lattice whereas the 
bcc unit cell of the a-Fe lattice contracts. Furthermore, since 
the 2b site is located at the midpoint of two R atoms along 
the c axis, the unit-cell expansion of the nitride is highly 
anisotropic, i.e., larger in the c direction. The same behavior 
occurs at 500 and 600 °C. Meanwhile, as y increases, the 
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FIG. 1. The Rietveld profile fits of diffraction data for the NdFe103Mo, 7Ny 

(+ a-Fe) sample at 134 and 596 °C. The dots are the observed, background- 
subtracted intensities. The solid lines represent the calculated intensities. 
Tick marks of top and bottom rows indicate the positions of the Bragg 
reflections for a-Fe and NdFejojMo! 7Ny phases, respectively. Differences 
between the observed and calculated intensities are shown at the bottom of 
each panel. 

volume fraction of a-Fe also increases from 15% at 400 °C 
to 25% in the last run at 600 °C. Therefore, as more N atoms 
are incorporated into the Nd-Fe-Mo compound, the lattice 
expands and exerts compressive stresses on the a-Fe do- 
mains in the sample. At increasing temperatures the material 
becomes less stable, as can be seen from the accelerated 
precipitation of a-Fe phase. 

Information regarding the average crystalline grain size 
and the lattice microstrains of the nitride can be obtained 
from the Rietveld refinements of the diffraction data.20 As 
shown in Fig. 3 the size and strains of the Nd-Fe-Mo do- 
mains do not change significantly up to about 300 °C. Above 
— 300 °C the coherency of the crystalline domains decreases 
rapidly, as indicated by the reduction of average grain size 
and the rise of lattice strains. These effects are largest at 
about 500 °C where nitrogen diffusion rate is near a maxi- 
mum (see Fig. 2), and the behavior reverses precipitously, 
i.e., increasing grain size and reducing strains, between 500 
and 600 °C. The signals from the a-Fe phase are too weak to 
warrant similar grain-size and strain analysis. These results 
enable us to speculate the following scenario. Below 300 °C 
nitrogen diffusion into the sample is minimal, perhaps lack- 
ing the thermal and gas-solid interaction energies to activate 
the dissociation of nitrogen molecules. At —300 °C N atoms 
begin to diffuse and interact with the atoms on the inter- 
granular boundaries of the NdFe^^Moj 7 particles. It is not 
until about 400 °C when N atoms interact with the Fe (and 
Nd) atoms in the bulk of the particles, forming chemical 
bonds through hybridization of the N-2p and Fe-3<i states.22 

Presumably N diffuses into the bulk through defect struc- 
tures extended inward from the surface while imposing ex- 
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FIG. 2. The unit-cell volumes of the NdFe^jMo^ and a-Fe lattices (sym- 
bols) (a), the lattice parameters of the nitride phase (b), the nitrogen occu- 
pancy of the 2b site in NdFe103Mo, 7Ny , and the volume fraction of a-Fe 
(c) as a function of temperature during nitrogenation. The solid lines con- 
nect the data points each of which represents 1 h of data collection. There 
are 7, 2, and 9 data points at 500, 550, and 600 °C, respectively, some of 
which are overlapping. Typical uncertainties of the parameters are compa- 
rable to the size of the symbols. In (a) the temperature dependence of the 
unit-cell volumes of the NdFe10,3Mo, 7 and a-Fe lattices without nitrogena- 
tion is given by the dashed lines. For clarity, the high-temperature data in (a) 
are reproduced in the inset. 

pansive pressure. Consequently, the homogeneity of the 
long-range atomic order is degraded and increasing micros- 
trains are generated within crystalline domains in the tem- 
perature interval of 400-500 °C. Above 500 °C the nitroge- 
nated domains are annealed to form larger and more relaxed 
crystalline grains. Concurrent with these processes the a-Fe 
particles are under compressive stress from the neighboring 
nitride domains and more a-Fe phase is nucleated in the 
sample. 

Investigations of nitrogenation of Sm2Fe17 have been 
studied by Christodoulou and Takeshita5 using x-ray diffrac- 
tion and thermomagnetic analysis (TMA), and by Colucci 
and co-workers3 using TMA and electron probe microanaly- 
sis. Electronic band calculations of model compounds within 
the RFe12_^MoxlSL system have been reported by several 
research teams.12^-24 Our results agree qualitatively with 
the observations of these workers. Clearly, more studies, 
both experimental and theoretical, are needed to elucidate the 
atomic organization and microscopic phenomena associated 
with the GIM process in rare-earth transition-metal com- 
pounds. 

200 
0   100  200  300  400  500  600 

Temperature (°C) 

FIG. 3.  The average crystalline grain size and lattice microstrain of 
NdFe10.3Mo, jNy as a function of temperature during nitrogenation. 
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Crystallization and Mossbauer studies of melt-spun NdFe107TiB03N5alloys 
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Magnetic properties of melt-spun NdFe10.7TiB03NS ribbons have been investigated as functions of 
quenching rate and nitriding period. NdFe107TiB03 were prepared with substrate velocity vs 

=£18 m/s and were nitrogenated at 500 °C for 15 min. The NdFe10/7TiB0.3N,5 retains the 
ThMn12-type tetragonal structure with lattice constants a0= 8.640 Ä and c0 = 4.811 A, but with an 
increase in the unit cell volume. The NdFe107TiB03NS was confirmed to have uniaxial anisotropy by 
x-ray diffraction. Mossbauer spectra were taken at various temperatures ranging from 13 to 855 K. 
The Curie and Debye temperatures are determined to be 7/c = 833 K and ©=390 K, respectively. 
Each spectrum below Tc was fitted with six subspectra of Fe sites (8/1; 8i2, 8j2, 8ju 8/, and 
a-Fe). The area fraction of the subspectra at 13 K are 10.2%, 8.2%, 16.5%, 17.5%, 44.3%, and 
3.3%, respectively. The magnetic hyperfine fields for the Fe sites decrease in the order, H^Si) 
>#hf(8./')>//hf(8/).   © 1998 American Institute of Physics. [S0021-8979(98)22811-8] 

I. INTRODUCTION 

Since the discovery by Yang et al.l that nitrogen absorp- 
tion can enhance the Curie temperature Tc, saturation mag- 
netization Ms, and magnetocrystalline anisotropy of 
RFen Ti (R=rare earth) compounds, nitrided R(Fe, M)12 (R 
=Sm, Nd, Gd, La, Ce, Tb, Dy, Ho, Y, or Er; M=Ti, V, Cr, 
Mo, Mn, W, Co, Al, or Si phases.2"5 Phases characterized by 
the tetragonal ThMn12 structure have become of interest 
from the perspective of permanent magnet applications. We 
concentrate our studies on the Nd(Fe, M)12 compound be- 
cause the cost of Nd is much lower than that of Sm. The 
NdFenTi nitride is known to have a higher anisotropy field 
and Curie temperature than those of Nd2Fe14B.6 

In this study, we prepared NdFe107TiB0 3N^ compounds 
by substituting B for Ti. The crystallographic and magnetic 
properties of the compounds were studied using x-ray dif- 
fraction, vibrating sample magnetometry, and Mossbauer 
spectroscopy. 

II. EXPERIMENTAL PROCEDURES 

Alloys of NdFe10 7TiB0.3 were prepared by arc melting 
under an argon gas atmosphere. Each ingot was melt spun, 
again under argon, by ejecting molten alloy through an ori- 
fice in a quartz crucible onto the surface of a copper disk. 
The quench rate was varied by changing the surface velocity 
vs of the disk, with vs in the range 7-40 m/s. From the x-ray 
analysis we found that the NdFe10 7TiB0 3 starting composi- 
tion yielded essentially single-phase ribbons, but only for 
quench rates in the i>s=£ 18 m/s range. 

Nitriding was carried out on ground (<40 fim diam) 
powders of the melt-spun ribbons under a static 120 kPa 
pressure of N2 gas. All samples in this work were nitrided at 

"'Electronic mail: cskim@phys.kookmin.ac.kr 

773 K for 15 min. The nitrogen content in NdFe,0.7TiB03NS 

alloys measuring by a thermopiezic analyzer is about 0.9. 
A Mossbauer spectrometer of the electromechanical 

type7 was used in the constant-acceleration mode. A 57Co 
single-line source in a rhodium matrix was used at room 
temperature. 

III. RESULTS AND DISCUSSION 

X-ray diffraction patterns show that the structure re- 
mains unchanged but that there are changes in lattice param- 
eters as listed in Table I. The peaks in the pattern for 
NdFe,0 7TiB0 3 can be indexed on the basis of the tetragonal 
ThMn12-type unit cell. The NdFe107TiB03N5 alloy exhibits a 
ThMn12 structure with unit cell constants of a0 = 8.640 A and 
c0 = 4.811Ä, in addition to a small amount of a-Fe. As 
shown in Table I, the lattice constants, a0 and c0, increase 
markedly as nitrogen is introduced into the 1:12 structure. 
The relative increase in the unit-cell volume was found to be 
nearly constant at 1.7%. X-ray diffraction from a 
NdFe10 7TiB0 3N5 powder oriented in a magnetic field per- 
pendicular to the plane of diffraction showed a drastic in- 
crease of the intensity of the (002) peak. This result suggests 
that the c axis remains the easy magnetization axis. 

Figure 1 shows some of the Mossbauer spectra of 
NdFe10 7TiB0 3N5 measured at various absorber temperatures 
from 13 to 800 K. Using a least-squares computer program, 
six sets of six Lorentzian lines corresponding to the &ilt 

8/2, 8y2, 8j',, 8/, and a-Fe sites were fitted to the Moss- 
bauer spectra below the Curie temperature, Tc, under the 
following well-known restraints,8 which are valid when the 
quadrupole interaction is much weaker than the magnetic 
hyperfine interaction. 

X-ray diffraction and the neutron diffraction data9 show 
that in Nd(Fe, M)12Na the nitrogen atoms occupy the 2b 

0021-8979/98/83(11 )/6929/3/$15.00 6929 © 1998 American Institute of Physics 
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TABLE I. Lattice parameters a0 and c0, unit cell volume V, relative change in unit cell volume upon 
nitrogenation AV7V, Curie temperature Tc, and saturation magnetization Ms of NdFei07TiB03 and 
NdFe107TiB0.3NÄ. 

a„(A) c0(A) V(A3) AV/V(%) rc(K) 

Ms (emu/g) 

Compound r=77K T=295K 

NdFelo.7TiB0.3 

NdFe10.7TiB0.3Ni 

8.587 
8.640 

4.788 
4.811 

353.05 
359.14 1.7 

570 
833 

124.2 
118.4 

113.5 
110.7 

O l 

" 2 
H 

PH 3 

K 0 
O 

!/] 
1 

m 2 
<: 

3 
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FIG. 1. Mössbauer spectra of NdFe107TiB03NÄat various temperatures. 

sites, whereas the iron atoms occupy the 8y and 8/ sites 
preferentially, and M atoms reside only on the 8 (' sites. In the 
Nd(Fe, M)12Na structure, the distribution of M atoms may 
cause a distribution of Fe nearest neighbors in each Fe site, 

which results in quite broad outer lines in the Mössbauer 

spectra due to a distribution of hyperfine fields. 

Using the neutron diffraction data, an acceptable fit of 

the Mössbauer spectra of NdFei07TiB03N^ was performed 

using five sites (8/j, 8i2, 8y2, Sj{, and 8/). The resulting 

areas of the subspectra %ilt 8i2. 8./2, 87'!, 8/, and a-Fe at 
13 K were 10.2, 8.2, 16.5, 17.5, 44.2, 3.3%, respectively. 
The a-Fe content of the parent compounds was less than 
0.5%, so it was not included in the fits, but there was about 
3% a-Fe in the nitride spectra. The dashed lines in Fig. 1 
indicate the spectrum of a-Fe. The Mössbauer parameters of 
the absorbers obtained are listed in Table II. The temperature 
dependence of the isomer shifts relative to a-Fe at room 
temperature, for each Si, 87, and 8/ site increase with de- 
creasing temperature, consistent with the second-order Dop- 

pler shift. 
Figure 2 shows the temperature dependence of the mag- 

netic hyperfine field for NdFe107TiB03NS. The magnetic hy- 
perfine fields for the Fe sites decrease in the order Hhf(&i) 

>Hhf(8j)>Hhf(8f). The fractional change of the average 
magnetic hyperfine field, [Hhf(T)-Hhf(0)]/Hhf(0), as a 
function of temperature is shown in Fig. 3. The average mag- 
netic hyperfine field decreases with increasing temperature 
according to10  [//hf<r)-//hf(0)]/Hhf{0)= -0.52(777:c)

3/2 

-0A3(T/TC) 5/2 for      T/Tr<0.7.      This      value      of 

TABLE II. Mössbauer parameters for NdFe107TiB0.3 and NdFe10.7TiB0.3NÄ. Hhs is the magnetic hyperfine field 
in units of kOe, AEQ is the quadrupole splitting, and S is the isomer shift relative to metallic iron at room 
temperature in units of mm/s. 

Sites 

Compound T(K) parameters 8i, 8;2 872 8j, 8/ Mean 

NdFe,o.7TiBo.3 13 #hf 359 339 313 287 264 312 
A£e 0.02 -0.03 -0.01 0.03 0.05 

8 0.16 0.08 -0.08 -0.04 -0.08 0.01 

NdFe10.7TiB0.3NÄ 13 #hf 342 327 304 295 253 304 

AEe -0.01 0.01 0.01 0.00 0.03 
S 0.11 0.05 -0.07 -0.10 -0.13 -0.03 

NdFe)0.7TiB03 295 #hf 298 275 262 238 209 256 

A£e 0.06 0.06 0.03 0.05 0.03 
S -0.06 -0.13 -0.19 -0.23 -0.18 -0.16 

NdFel0.7TiB03NÄ 295 Hbf 301 273 253 230 201 252 

A£e 0.04 0.04 0.02 0.01 0.03 
S -0.08 -0.08 -0.23 -0.24 -0.21 -0.17 
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FIG.  2.   Temperature dpendence of magnetic hyperfine field, HM in 
NdFe10.7TiB0.3N^. 

NdFe10 7TiB0 3N,5 is much larger than that of the parent alloy 
(#3/2=0.48 and C5/2=0.22).7 Hence, it seems that spin 
waves having long wavelengths are excited in the nitride 
alloy rather than in the parent alloy. 

Table I shows the VSM data before and after nitrogena- 
tion for NdFe10.7TiB0 3. The values of the Curie temperature 
Tc and anisotropy field HA are estimated to be 833 K and 8 
T at 295 K. It is clearly seen that nitrogenation enhances the 
Curie temperature of the nitrides remarkably. As Ti is re- 
placed with B for nitrided NdFe,0.7TiBa3N,5> it is fount that 
B is very affective for the increase Curie temperature (Tc 

= 833 K) and magnetization (Ms= 110.7 emu/g), which are 
by about 19% and 22%, respectively, larger than those of 
NdFe10.7Tii 3N5. In addition, considerable amounts of the 
a-Fe phase are formed, having higher Curie temperatures. 
The increase in the 1:12 Curie temperature is attributed to 
the increase in the Fe-Fe distance with the expansion of the 
unit cell volume. Above the Curie temperature, the VSM 
data show that the magnetic moment increases again. The 

0. 6 

FIG. 3. Fractional change of the average magnetic hyperfine field, HM, as a 
function of (T/Tc)

3'2. 

0. 0 

PI 

-3. 0 

•   :    Nd.Fe10.7T i B0.3Nj 
■   :    NdFe10.7TiB0.3 

•   :  0   =  390   K 
■   :  ®   =  359   K 

10 

T2   (   x   10000   K2 

FIG. 4. Natural logarithm of the absorption area F vs T2 for 
NdFe107TiB0.3Nj. 

formation of a-Fe is the main reason for the increasing mag- 
netic moment. It is worth nothing that the saturation magne- 
tization Ms and magnetic hyperfine field Hhf of the nitride at 
295 and at 77 K is lower than that of the parent alloy. This 
phenomenon was also found in NdFe^-^Mo^N^/ and in 
NdFeV3N1_(5.n Although NdFei0.7TiB03N5has a lower satu- 
ration magnetization than other nitride compounds, it can 
very likely be used for permanent magnet in applications 
requiring medium or small energy products. 

Figure 4 shows In F versus T1 for NdFe10 7TiB03NS and 
NdFe107TiB03, where F stands for the total resonance ab- 
sorption to the recoil-free fraction /. From the temperature 
variation of the total Mössbauer absorption areas, we ob- 
tained the Debye temperatures of NdFe10.7TiB0 3NS and 
NdFe10.7TiB03 which are 390±5 and 359±5 K, respectively. 
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Iron powder has been nitrided in a glow discharge plasma of a mixture of nitrogen and hydrogen, 
in order to verify the existence of a metastable iron nitrogen solid solution, previously observed 
from the Sm2Fe17N3 phase decomposition process. Our results show that, for short nitridation times, 
we obtain a mixture of Fe4N, a small amount of a-Fe and an iron nitrogen solid solution the amount 
of which increases after heat-treatment at 610 °C. This iron nitrogen solid solution is characterized 
by Mössbauer spectroscopy which shows a typical a-Fe spectrum, but with lower hyperfine field 
and broader linewidth. TMA measurements show that the Curie temperature is similar to that of 
a-Fe.   © 7995 American Institute of Physics. [S0021-8979(98)36111-3] 

I. INTRODUCTION 

The Fe-N binary system is of significant technological 
and scientific importance. Ferromagnetic iron nitride has at- 
tracted much attention because of its high magnetic flux and 
good corrosion and wear resistance. These properties of iron 
nitride are of technological interest for potential high mag- 
netic flux density applications in severe working conditions. 

Iron and nitrogen form Fe4N, Fe2N (Fe3N) and 
Fe8N (Fe16N) phases.1 The y-phase austenite is stable above 
590 °C. The maximum solubility of nitrogen in a-Fe is 0.1 
wt % at 590 °C which decreases to «0.004 wt % when the 
temperature decreases to 200 °C. The °c-iron nitrogen solid 
solution has a lattice parameter and magnetic properties prac- 
tically similar to those of °c-Fe. However, a recent study of 
the ternary Sm2Fe17N3 nitride decomposition process2 

showed the formation of a metastable iron nitrogen solid 
solution with Curie temperatures lower than that for oc-Fe, 
ranging from 700 to 770 °C. The purpose of this investiga- 
tion is to verify the existence of this metastable iron nitrogen 
solid solution independently from the decomposition mecha- 
nism for the Sm2Fe17 nitride. We synthesized y'-Fe4N in a 
glow discharge plasma and then carried out heat treatments 
under vacuum to promote Fe4N decomposition. 

II. EXPERIMENT 

The samples were prepared by nitriding high purity 
(99.99%) iron powder having a particle size of about 30-50 
fim. The iron powder was nitrided at 500 °C in a glow dis- 
charge plasma of a mixture of N2 and H2 in the proportion 
1:9, during periods of time ranging from 3 to 12 h. The 
sample temperature was monitored by a type K sheathed 
thermocouple. Heat treatment of the samples was carried out 
at 610 °C under rotary pump vacuum. The samples were 
subsequently quenched in water. We also performed TMA 
measurements in order to determine both the magnetic be- 
havior of the Fe4N samples under decomposition and the 
Curie temperature of the resulting decomposition phases. 
The Curie temperatures were determined from the maximum 

in the derivative of the susceptibility curve. The Mössbauer 
spectra were obtained with a conventional constant accelera- 
tion spectrometer in triangular velocity mode with a 57Co 
source in a rhodium matrix at room temperature. The spec- 
trometer was calibrated with a 25 fim thick a-Fe foil. The 
density of the absorber was 2 mg Fe/cm2. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the Mössbauer spectra of as-nitrided and 
heat treated samples. For the as-nitrided sample the Möss- 
bauer spectrum is basically composed of a mixture of the 
Fe4N subspectrum and two a-Fe subspectra. The low inten- 

i ■ i ■ i ' 
■12 -10  -8 

1   I  '   I   '  I  '  I   '  I   '  I   '   I  '  I   '  I 
I   -4   -2    0    2    4    6     8    10   12 

Velocity (mm/s) 

FIG. 1. Mössbauer spectra for the as nitrided and heat treated samples. 
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TABLE I. Mössbauer parameters for the as nitrided and heat treated 
samples. The isomer shift values are quoted relative to the center of the a-Fe 
calibration spectrum. 

Samples Phases 
Area 

(%) 
H 

(kOe) (mm/s) 
S 

(mm/s) 

s-nitrided üf-Fe 12.1 334 -0.01 -0.10 
ss 25.9 323 0.02 -0.07 

y-Fe 1.5 0 0.00 -0.15 
208 0.08 0.21 

Fe4N 60.5 210 -0.18 0.18 
338 0.14 -0.16 

15 min a-Fe 3.9 330 0.03 -0.10 
SS 53.8 325 0.06 0.08 

y-Fe 7.3 0 0.00 -0.15 
207 0.09 0.21 

Fe4N 35.0 211 -0.15 0.16 
340 0.15 -0.17 

30 min a-Fe 3.7 332 0.01 -0.09 
SS 21.1 320 -0.02 -0.05 

y-Fe 27.9 0 0.00 -0.12 
201 0.07 0.18 

Fe4N 47.3 203 -0.16 0.16 
336 0.15 -0.16 

sity singlets in the center of the spectrum are assigned to the 
austenite phase. The Fe4N phase subspectrum is composed of 
three sextets (Table I). The two lower hyperfine field sextets 
are assigned to Fell sites (faces) A and B and the higher one 
is assigned to Fel sites (corner).3 The a-Fe subspectrum is 
composed of two sextets. The one with hyperfine field 
around 330 kOe is assigned to pure a-Fe and the other sextet 
with hyperfine field around 325 kOe and larger linewidfh 
(r=0.40 mm/s) is assigned to an iron nitrogen solid solution 
and is ascribed to the Fe atoms whose first and second near- 
est octahedral interstitial sites are occupied by nitrogen at- 
oms in the martensite phase.4'5 After heat treatment at 610 °C 
for 15 min there is a large increase of the solid solution at the 
expense of the Fe4N phase. The spectrum of the sample heat 

200 400 600 
Temperature °C 

800 1000 

200 400 600 
Temperature °C 

800 1000 

FIG. 2. TMA curve for the as nitrided sample (1st run). 

FIG. 3. Sequential TMA's for the as nitrided sample. 

treated at 610 °C for 30 min shows a very large increase in 
the austenite phase at the expense of the Fe4N phase. 

We performed a sequence of TMA measurements up to 
850 °C. Figure 2 shows the TMA heating curve of the first 
run, for the as-nitrided sample. We observe the magnetic 
transition of the Fe4N phase at around 480 °C, the signal 
associated with the y<=>a-Fe+Fe4N transition at around 
600 °C, and the magnetic transition of the a-Fe and/or the 
iron nitrogen solid solution at 770 °C. The following runs, up 
to 850 °C, reproduce the form of the heating curve of the first 
run. However, the Fe4N magnetic signal decreases and the 
curves (Fig. 3) show a far higher value of the susceptibility. 
We do not observe any variation of the Curie temperature of 
the iron nitrogen solid solution. 

IV. CONCLUSIONS 

Iron nitrogen solid solution can be formed in the iron 
samples nitrided in a glow discharge of mixture of a nitrogen 
and hydrogen. The Mössbauer spectrum of the iron nitrogen 
solid solution is typical of a-Fe, but with a lower hyperfine 
field around 325 kOe and a larger linewidth of T=0.40 
mm/s. The Curie temperature observed is similar to that for 
a-Fe. This contrasts with the case of the metastable iron 
nitrogen solid solution resulting from the Sm2Fe17 nitride 
decomposition process which showed a different Curie tem- 
perature. 
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can Society for Metals. Cleveland, 1990), p. 1729. 
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Macroscopic resonant quantum tunneling of magnetization has been observed in antiferromagnetic 
ferritin particles. The dependence of magnetic viscosity on the applied magnetic field has been 
systematically investigated in the temperature range 1.8-10 K. The zero maximum in field 
dependence of viscosity and the maximum in the field dependent blocking temperature are 
interpreted to be due to the resonant spin tunneling between matching spin levels. © 1998 
American Institute of Physics. [S0021-8979(98)53311-7] 

Since the discovery of the resonant quantum tunneling in 
high-spin molecules,1"4 we have been working in order to 
observe the same phenomena in mesoscopic particles with 
much higher spin values. The main problem when using me- 
soscopic particles is that they are not identical. In a typical 
sample of magnetic nanoparticles there is a distribution of 
spin values and a random orientation of the easy axis. These 
facts make it difficult to observe fine behaviors like the reso- 
nant quantum tunneling of magnetization. However, as we 
have recently published,5 it is possible to detect this effect in 
ferritin molecules because: (a) the magnetic core of these 
molecules is antiferromagnetic therefore having higher cross- 
over temperature between the classical and quantum regime 
than ferromagnetic particles, (b) the net spin is small and the 
anisotropy barrier height is large making experimentally pos- 
sible the observance of the discrete orientation of the mag- 
netic moment, and (c) the molecules are independent be- 
tween them, which very much simplifies the explanation. 

The quantum dynamics of magnetization in ferritin have 
received much attention since Awschalom and co-workers 
reported a resonance in the absorption spectrum of ferritin in 
the range of milliKelvin, which they attributed to the macro- 
scopic quantum coherence.6 This hypothesis establishes an 
important paradox:7 while the Kelvin range experiments in- 
dicate that the magnetic moments of the particles are frozen 
below a few Kelvin (the blocking temperature of ferritin is 
about 13 K),8 the resonance experiments in the milliKelvin 
range were interpreted as the quantum tunneling of spin with 
a rate of 106-107 s_1. The explanation to this paradox could 
be the following: resonant quantum tunneling only occurs 
when the levels of the opposite orientation of the spin coin- 
cide at both wells. If this is true, we should be able to ob- 
serve an increase of the relaxation rate around zero magnetic 
field. We report that this is what exactly occurs in ferritin. 

"'Electronic mail: edb@ffn.ub.es 

In our experiments we have used a dilute sample of natu- 
ral ferritin with about 1014 molecules. The ferritin has a 
spherical cavity of 8 nm which contains mineral ferrihydrite 
with phosphate. Its core is equivalent to a magnetic particle 
with a diameter between 3 and 7.5 nm. The ferritin core 
contains about 4500 Fe3+ ions. However, the spin of the par- 
ticle is small (around 100). This is due to the antiferromag- 
netic magnetic order between the two sublattices of the Fe3+ 

ions. Only about 15 noncompensated surface spins contrib- 
ute to the magnetic moment of the particle, which coincides 
with the theoretical estimation of (4500)1/3~16. This non- 
compensated spin locks in one of the two directions along 
the anisotropy axis of the particle. The interactions between 
particles can be neglected as both the ac and dc magnetic 
susceptibility experiments on samples with different dilution 
degree indicate. Above 13 K the particles are superpara- 
magnetic,8 as it has been proved by ac and dc susceptibility 
measurements, that is, their magnetic moments frequently 
jump between the two opposite orientations over the anisot- 
ropy barrier. Below 13 K the particles are essentially frozen 
and the transition from s to -s can occur only due to quan- 
tum tunneling: in the absence of the magnetic field and in the 
limit of weak dissipation, sublattices should interchange in a 
coherent manner.9 

Gider10 and Friedman11 brought to light a nonmonotonic 
behavior of the field dependence to the blocking temperature, 
TB. The variation of TB with the applied field deduced from 
our experiments of the zero field cooled (ZFC) magnetiza- 
tion are shown in Fig. 1. We can observe a nonmonotonic 
dependence of the blocking temperature as a function of 
magnetic field. Contrary to what is expected in this kind of 
system, the blocking temperature increases when the mag- 
netic field increases. This anomalous behavior is observed up 
to 2.5 kOe, where it reaches its maximum and then decreases 
at higher fields following the expected behavior. 

The measurements of the ZFC magnetization have been 
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FIG. 1. Zero field cooled magnetization curves obtained by cooling the 
sample in zero field and then heating it at different applied field. The inset 
shows the field dependence of the blocking temperature. 
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FIG. 2. Field derivative of the magnetization at a constant sweep rate. Inset 
shows hysteresis loops from which dMIdT has been obtained (Ref. 5). 

obtained by cooling the sample down to 2 K without applied 
field. Then a magnetic field is applied. Afterwards, the mag- 
netization is measured while the temperature increases. The 
process is repeated at different magnetic fields. At low tem- 
perature, the magnetization of the system is small because 
the particles are frozen and they cannot jump over the an- 
isotropy barrier and solely the smallest particles can arrange 
its magnetic moment along the applied field. As the tempera- 
ture increases, every time bigger particles rotate their mag- 
netic moments contribute to increase the magnetization. The 
blocking temperature, TB, is defined as the temperature at 
which the majority of the particles become unfrozen, at the 
time scale of the experiment. TB is therefore proportional to 
the anisotropy energy barrier U = KV, where K is the anisot- 
ropy energy constant and V is the volume of the particle. At 
temperatures over TB, M{T) follows the Curie law of the 
superparamagnetism. 

Another way to verify the acceleration of the magnetic 
relaxation towards the equilibrium state at zero field is the 
magnetic hysteresis measurement. The field derivative of the 
magnetic hysteresis loops explains how fast the system 
reaches the equilibrium. The peaks observed in both the hys- 
teresis loops of the Mn12-Ac molecules were the key ele- 
ments in the discovery of the resonant spin tunneling. In the 
hysteresis loops of ferritin we observe5 a clear peak at zero 
magnetic field (Fig. 2). The peaks at non-zero-magnetic field 
values are not detectable because of the impossibility to ori- 
ent the ferritin molecules with their easy axis parallel to the 
applied magnetic field. 

Finally we confirmed the acceleration of the magnetic 
relaxation at H=0 by measuring directly the relaxation rate 
as a function of the applied magnetic field.5 The method is 
the following: the sample is cooled from 50 K down to the 
measurement temperature. Then a magnetic field is applied 
and the magnetization is measured during the relaxation to 
the equilibrium state. The relaxation behavior is, with high 
accuracy, logarithmic in time during four decades (Fig. 3). 
This is a typical behavior in a system with broad distribution 
of energy barriers. The control parameter of the relaxation is 
the magnetic viscosity defined as 

1 dM(H,T,t) 

Mtq{H,T)     d ln(0 (1) 

where Meq(H, T) is the equilibrium magnetization of the sys- 
tem at fixed temperature and field. The latter was deduced 
from the field cooled magnetization measurements. 

The magnetic viscosity as a function of the applied mag- 
netic field at different temperatures is shown in Fig. 4.5 At 
2.4 and 3 K the viscosity increases with the magnetic field. 
In the range from 4.2 to 8 K the viscosity first decreases 
when the applied magnetic field increases, reaches its mini- 
mum at one value of the applied field which depends on the 
temperature, and then increases at higher fields. Over 8 K the 
viscosity always decreases monotonically. 

This unusual behavior of the magnetic relaxation in fer- 
ritin can be explained if one takes into account quantization 
of spin levels of the particle. The lower spin levels should be 
separated by the energy of the antiferromagnetic resonance, 
A£'=(2eaneex)1/2, where em=gßHaB is the anisotropy en- 
ergy and eeK=JS, where J is the exchange constant and S is 
the sublattice spin. This energy is much bigger than the one 

6 7 8 9 

ln(t(s)) 

FIG. 3. Time dependence of the magnetization at different applied fields at 
6.5 K. The numbers near the data are the values of the applied magnetic 
field in Oe. 
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FIG. 4. Magnetic viscosity as a function of the magnetic field at different 
temperatures (Ref. 5). 

corresponding to ferromagnetic particle with the same size. 
In ferritin, this energy is about 10 K which is comparable to 
the separation of the lower levels in Mn12 molecules. 

The resonant quantum tunneling between the matching 
spin levels occurs when 2gßHs = nA.E, where n = 0,1,2,... 
All the corresponding values of the magnetic field are sepa- 
rated by 

AH- : 2s 

2e„ 
(2) 

For a ferromagnetic particle, the separation between the low 
levels can be estimated around 0.1 Oe. This value is smaller 
than the splitting of the levels and the resonance will not be 
observable. However, this value for the same particle of spin 
S with antiferromagnetic order is a factor (S/s) (eex/ean)1/2 

bigger, which in ferritin is a factor 104. Consequently, the 
field spacing between resonances in ferritin must be of order 
of kOe, that is, comparable to that in Mn12. However, due to 
the different orientation and magnitude of the noncompen- 
sated spin, contrary to the case of a Mn12 crystal, only the 
H=0 resonance occurs simultaneously in all ferritin par- 
ticles. To see high order resonances one must have a sample 
with oriented ferritin particles having a single s value. 

As in Mn12-Ac, in ferritin the tunneling in our tempera- 
ture range must be thermally assisted, this is, it occurs from 
excited spin states as well as from the ground state. The spin 
states are characterized by the projection of s on the anisot- 
ropy axis, sz\m) = m\m). At H=0 the states corresponding 
to m and —m are degenerated and the resonant tunneling 
between these states takes place. At low temperature (below 

AS«TC exp 
1/2 

(3) 

where Tc is the crossover temperature, which in ferritin is 
about 3.2 K. This tunneling splitting determines the width of 
the resonance with the magnetic field. Since tunneling is 
weak this width is extremely small. According to Ref. 6 
where measurements were performed in the mK range, the 
width of this resonance is about 10~4 Oe. This should ex- 
plain why we do not see the H=0 peak in the viscosity at 
low temperature. As the temperature increases above 3 K, 
higher m levels become thermally populated and tunneling 
between them dominates the relaxation. The width of these 
levels must be large due to their finite lifetime with respect to 
the decay down to the ground state levels m=±s. Conse- 
quently, the width of the resonance on the magnetic field 
becomes large enough to observe the H=0 maximum in the 
viscosity. As the temperature continues to increase towards 
the blocking temperature, the system enters the superpara- 
magnetic regime dominated by thermal overbarrier transi- 
tions. In this regime the viscosity monotonically decreases 
with the field, reflecting the progressive disappearance of the 
metastability. 

In conclusion, we have presented data on the magnetic 
relaxation in ferritin which show strong departure from the 
conventional behavior. A plausible explanation to all data is 
given within the model of thermally assisted resonant tunnel- 
ing between spin levels. 
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Field-tuned quantum tunneling of the magnetization 
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The response of the magnetization to a time-dependent applied magnetic field in single-spin models 
for uniaxial magnets is studied. We present staircase magnetization curves obtained from the 
numerically exact solution of the time-dependent Schrödinger equation. Steps are shown to 
correspond to field-tuned quantum tunneling between different pairs of nearly degenerate energy 
levels. We investigate the role played by different terms that allow for tunneling processes: 
transverse fields and second-order and fourth-order transverse anisotropies. Magnetization curves 
for nonsaturated initial states and for excited initial states showing steps when the field decreases in 
absolute value are also presented. These results are discussed in relation to recent experiments on 
high-spin compounds.   © 1998 American Institute of Physics. [S0021-8979(98)16111-X] 

Magnetic molecules containing high-spin clusters1 such 
as Mn12 or Fe8 provide physical systems by which to study 
quantum tunneling of the magnetization (QTM).2'3 Recent 
experiments on these systems4'5 have reported the appear- 
ance of steps in the hysteresis loops at low temperature 
which have been attributed to thermally assisted resonant 
tunneling between quantum states. This interpretation is 
based on a single-spin 5= 10 model with strong uniaxial an- 
isotropy DSz — g/uLBSH, where D is the uniaxial an- 
isotropy energy) for which energy levels (\Sm) for H||£, 
where Sz\Sm) — m\Sm)) cross at fields g/nBHn = nD. At 
these fields, the relaxation time of the magnetization shows 
minima. For QTM to occur, this model has to be extended to 
include symmetry breaking terms such as those originating 
from dipolar interaction, interaction with nuclear spins or 
phonons, etc.5-7 The detailed mechanism by means of which 
QTM occurs in hysteresis experiments on uniaxial magnets 
is investigated in this article. Previously, magnetization tun- 
neling in mesoscopic systems has been semiclassically stud- 
ied by several authors8-10 and, more recently, quantum dy- 
namical calculations for several models of nanomagnets such 
as the Heisenberg model11 and the single-spin quantum 
model12 have shown the occurrence of resonant coherent 
QTM at zero temperature. The staircase structure in the mag- 
netization curves for a time-dependent field has been re- 
cently shown13 to be well described by successive Landau- 
Zener (LZ) transitions.14'15 In addition, recent theoretical 
works have also studied the problem of spin tunneling in a 
swept magnetic field.16'17 

The most general Hamiltonian for a single quantum spin 
including a transverse field (which might have a hyperfine or 
dipolar origin), second-order and fourth-order transverse 
anisotropies, and a time-dependent applied magnetic field is 

-H(?)S, 

KySy- KzSt- CX ■r v4- ex -TSr 

(1) 
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where Kz, Kx and Ky are the anisotropy constants along the 
easy, medium, and hard axes, respectively, S= (Sx ,Sy ,SZ) is 
the vector representing the magnetization, Cx, Cy, and Cz 

are the fourth-order anisotropy constants, T is the transverse 
field, and K(t) = H(t)(sin 0,0,cos 0) denotes the applied 
field. 

The time evolution of the magnetization at T= 0 is ob- 
tained from the exact numerical solution of the time- 
dependent Schrödinger equation (TDSE), ihd\V(t))/dt 
= ßß\y(t)), where |^(f)) denotes the wave function of the 
spin system at time t. We study the following situation: First 
we set the applied magnetic field to its minimum value H(t 
= 0)=—H0 and put the system in the corresponding ground 
state, i.e., |^(0)) = |$0(0)) where .J^(-H0)|<J>0(0)) = £0 

(-H0)\<&0(0)). The time evolution of the wave function is 
then calculated by means of \^(t+T)) = exp 
(—iT.9tf)\ty(t)), where ris the time step used to integrate the 
TDSE. During the integration of the TDSE, the applied field 
changes from —H0 to H0 with a given speed, which is de- 
fined by the field step AH between two consecutive field 
values and the amount of time TH the system feels each 
constant field. The temporal evolution of the ath (a 
=x,y,z) component of the spin can be calculated from 
(Sa(t)) = {V(t)\Sa\y(t)). For each constant field value we 
compute the expectation value of Sa averaged over time Sa 

= l/THJQHdt(Sa(t)). In the following we will refer to M 

= SZ/S as the magnetization. The energy of the system is 
given by E[H(t)] = (V(t)\ßg\V(t)). 

In order to understand the origin of the steps in the mag- 
netization curves, we first consider the simplest case of (1), 
namely, a single spin 1/2 system described by the Hamil- 
tonian J¥=-Tax-H(t)az, where ax and az are the Pauli- 
spin matrices, and we study the response of the magnetiza- 
tion to the time-dependent applied field H(t). T sets the 
scale of the splitting at H = 0 between the two energy levels 
(see inset of Fig. 1). Figure 1 presents the magnetization 
curves for several field sweep rates for the ground state as 
the initial state, showing steps of different sizes at H=0. 
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FIG. 1. M vs H for model (1) with S= 1/2, Kz= 1.0, and T=0.02 for several 
field sweep rates &.H/TH: A#=0.001 and (a) T„=0.1, (b) TH=\, (C) TH 

= 2, and (d) TH=5. Initial state: <J>0 • The inset shows the levels crossing and 
the system energy for cases (a)-(d). 

According to the adiabatic theorem, a slowly changing ex- 
ternal perturbation will keep the system in the eigenstate it 
started from (3>0) unless this eigenstate comes closer to an- 
other eigenstate ($j). Then the adiabatic approximation 
might break down, allowing the system to escape from 3>0 

and tunnel to <f>] via the Landau-Zener tunneling 
mechanism.14 The probability of staying in the same eigen- 
state 4>0 (which has opposite magnetization after the cross- 
ing) when the field is swept is given by p=\— exp 
[-TTAE

2
/(2AH/TH)], which depends on the energy splitting 

and the field sweep rate AH/TH. The final state is then a 
linear combination of both eigenstates with weights p and 
1 —p and the size of the step at H=0 is proportional to p, 
i.e., AM=pMgnal+(l-/?)Mfal-MJ,nitial, where the super- 
scripts initial and final refer to before and after the crossing. 
Curve (d) is the closest to adiabatic behavior (p^l, large 
step); curve (a) corresponds to a fast sweep and the scattering 
is almost complete (p*=*0, small step). The appearance of 
steps in the magnetization curves is a general feature for 
many models of uniaxial magnets and follows naturally from 
the occurrence of field-tuned tunneling transitions between 
nearly degenerate eigenstates of the Hamiltonian. The size of 
the step depends on the energy-level splitting of the partici- 
pating levels, the weight of the corresponding eigenstates in 
the current state of the system, the field sweep speed, and the 
value of the magnetization itself. 

In Fig. 2 we present magnetization curves for the Hamil- 
tonian most commonly assumed4,5 in the attempt to explain 
recent experimental data (ß%=-KzSz-H(t)S, with H||z 
and 5= 10), supplemented by terms that break the rotational 
symmetry about the z axis, i.e., those in model (1). These 
terms allow for the occurrence of field-tuned QTM and the 
corresponding steps in the magnetization. All these cases 
have in common that, for some specific fields Hn, pairs of 
energy levels become almost degenerate. If <£>0(-H0) is the 
initial state, the levels involved in the crossing at Hn are E„ 
and£n+1. 

Curves (a), (b), and (c) correspond to the case including 

±3^.1  r**v*i-r 

A* 

-5 0 5 10 15 
H 

FIG. 2. M vs H for model (1) with S= 10, Kz= 1, and 0=0° supplemented 
by a transverse field term for T equal to (a) 0.5, (b) 2, and (c) 6.5; second- 
order anisotropy terms with ^ = 0.6 and Ky equal to (d) 0.5, (e) 0.4, and (f) 
0.1; and fourth-order anisotropy terms with C=Cx = Cy=Cz equal to (g) 
0.0005, (h) 0.0025, and (i) 0.01. Field sweep parameters for (a), (b), (c): 
A# = 3X10"5, rH=1200; for (d), (e), (f): A#=2X10-5, rH=800; for 
(g), (h), (i): Atf=3X10"5, and rH=900. 

a transverse field. Y allows all transitions Am= ± 1. At reso- 
nance Hn = nKz = n, and the values of « for which steps 
appear depend on Y. Thus, for (a) T = 0.5^ = 0.5 we find 
« = 12,13,14; for (b) T=2, « = 8,9; and for (c) T=6.5, n 
= 1,2,3. 

Curves (d), (e), and (f) show that the presence of second- 
order transverse anisotropy terms can also induce QTM. 
They correspond to Kz=\, Kx=0.6, and several values of 
Ky. For Ky = Kx, the energy and Sz commute and no tun- 
neling occurs. These transverse anisotropy terms change the 
spacing between resonant fields although they remain regu- 
larly spaced as in case the case of a transverse field Y. These 
terms allow transitions that obey the selection rule Am 
= ±2. For (d) Ky = 0.5, « = 8,10; for (e) Ky = 0A, n 
= 4,6,8; and for (f) Ky = 0.l, « = 2,4. 

Fourth-order anisotropy terms [curves (g), (h), and (i)] 
allow the occurrence of field-tuned tunneling between levels 
satisfying Am = ±4. In this case, the fields at which pairs of 
energy levels cross are not equally spaced. Results are shown 

of   Cr=C CZ=C •   For   (g) 
C=0.0025, 

for   different   values 
= 0.0005^ = 0.0005,   « = 8,12;    for   (h) 
= 4,8,12; and for (i) C = 0.01, « = 0,4,8. 

None of the curves in Fig. 2 presents steps when |H| 
decreases. This can be easily understood since the system 
starts from the ground state <£0 and the energy level scheme 
as a function of the field is such that E0 only crosses another 
level at zero field. Another feature of these curves is that the 
magnetization does not reach the saturation value (unless the 
system stays in the ground state when crossing H=0 in 
which case there is one big step from M= — \ toM=l) 
even for H—>°°. The explanation comes from the fact that 
the system can only gain or lose energy through the time- 
dependent field but not through interaction with the environ- 
ment. 

The field sweep rate (AH/TH) is a crucial paramater in 
this problem. As was shown for the simple case of a single 
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FIG. 3. M vs H for model (1) with S= 10, ^=0.6, ^ = 0.1, K= 1.0, C 
= T = 0, and 8=0°. Curves (a) and (a'): The field goes (a) from -H0 to H0 

and (a') from H0 to -H0 for H0= 10.0, starting from the initial states: 

y{£,)(0) = c0<I>0( + H0) + ci$>l(TH0) + C2<&2( + H0), respectively, where 
c0 = 0.7, C! = 0.22, and c2 = 0.08. Field sweep parameters: A#=0.0025, 
TH= 105. Curve (b): The initial state is 4>0( —#0) and the field goes from 
— H0 to H0 and then, before reaching saturation, back to — H0 for H0 

= 10.0. At H=H0, where the field is reversed, ^(H0) = 2„c2n92„(H0), 
where c0 = 0.168, c2 = 0.653, c4=0.038, c6 = 0.111, c8 = 0.027, and cI0 

= 0.002. 

spin 1/2, the probability of QTM depends on it. In general, 
the lower the sweep rate, the larger the size of the step. 
However, also relevant is the smoothness of the field swept: 
If AH is too large, the size of the steps depends in a non- 
trivial way on AH, TH, and AE, and LZ theory does not 
apply- 

In Fig. 3 we consider the case of an initial state which is 
not the ground state but a linear combination of several 
eigenstates. Unlike the ground state, the excited levels can 
become nearly degenerate with other levels for H#0, and 
therefore there is a nonzero probability of finding steps when 
|H| decreases, as illustrated by curves (a) and (a'). Moreover, 
if the field is reversed after one sweep from — H0 to H0 

[curve (b)], the system restarts from a linear combination of 
several eigenstates (corresponding to a nonsaturated state in 
an experiment) and the situation is similar to that of curves 
(a) and (a'). As shown by curve (b), there is some probability 
of finding steps when |H| decreases and of getting both nega- 
tive and positive steps. The same reasoning applies to QTM 
from thermally populated excited levels. Although the tun- 
neling probability increases with the excitation level, and 
smaller off-diagonal terms are required to induce field-tuned 
QTM, the fact that the tunneling processes involve excited 
levels implies that some probability of finding steps when |H| 
decreases exists, at variance with the experimental results. 
Moreover, preliminary experimental results in which the 
field is reversed before saturation is reached show that steps 
can appear when |H| decreases,18 in qualitative agreement 
with our findings. 

We have shown that T=0 field-tuned QTM leads to 
staircase magnetization curves. The following might be rel- 
evant when comparing to experiments4'5 on Mn12: A trans- 

verse field T allows Am= ± 1 transitions and yields equally 
spaced steps, in agreement with experiments. However, the 
theoretical magnetization curves [with T as the only off- 
diagonal term and <E>0(-//0) as the initial state] look similar 
to the experimental ones (steps at the first energy level cross- 
ings gfiBHn = nD, n small) for much larger values (r 
~l-5D = 0.44-2.2r) than those estimated for dipolar 
(~0.0ir) or hyperfine (~0.05r) interactions.19 Second- 
order transverse anisotropy terms are often discarded due to 
Mn12 tetragonal symmetry, although local symmetries could 
affect the structure of the spectrum. These terms are relevant 
for other systems such as Fe8.20 Fourth-order anisotropy 
terms cannot account for all the steps observed and they lead 
to nonequally spaced steps. They can be responsible for 
small deviations from Am=±\ transitions and equally 
spaced steps. However, the single-spin model proposed for 
the Mnj2 molecule may be too simple to mimic the actual 
energy spectrum: The single-spin S= 10 system is described 
by 21 eigenstates whereas a proper description of the mag- 
netic state of the Mn,2 molecule requires 108 states. A better 
understanding of the situation when the field is not swept 
smoothly enough and the Landau-Zener picture does not 
apply is also needed, especially since this appears to be the 
experimental case. Finally, further experimental work inves- 
tigating the possibility of obtaining steps for decreasing |H| 
and observing negative (opposite to the field sweep) steps 
may clarify the effect of thermal activation, which in prin- 
ciple allows the appearance of these steps. 
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Resonant magnetic quantum tunneling through thermally activated states 
J. F. Fernandez, J. Bartolome, and F. Luisa) 
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A theory of the magnetic relaxation of a large spin (5=10) having a large uniaxial 
magnetocrystalline anisotropy is outlined. The theory explains magnetic relaxation observed in 
Mn12 acetate. The joint action of local fields and a fourth order distortion of the magnetocrystalline 
anisotropy is necessary to account for the tunneling that is observed, between the m = - 4 and m 
= 4 unperturbed states. Even in resonance, tunneling takes place mainly incoherently in Mn12 

acetate. It proceeds through the lowest energy state doublet which is not blocked by longitudinal 
local fields. The relaxation rate T has been calculated using a master equation. The model gives 
magnetization hysteresis loops and ac magnetic susceptibility curves which are in quantitative 
agreement with experimental results. For temperatures below 0.5 K approximately, nonresonant 
tunneling from the ground state becomes the dominant relaxation mechanism. © 1998 American 
Institute of Physics. [S0021-8979(98) 18611-5] 

We present a theory of quantum tunneling through ther- 
mally activated states of a large quantum spin. Ours differs 
from other theories which have been presented recently1'2 in 
two respects: (1) our master equation involves eigenstates of 
the exact Hamiltonian for the spin, whereas eigenstates of Sz 

are used in Refs. 1 and 2; (2) the spin Hamiltonian of Ref. 1 
contains only off diagonal terms which are linear in Sx (or 
Sy), arising from random internal fields, whereas we show 
below that only the joint action of linear and quartic (result 
of the anisotropy) spin terms can give an account of the 
tunneling observed experimentally in Mn]2 acetate.2 The 
main purpose of this contribution is to give numerical re- 
sults, that follow from our theory, which can be compared to 
experiments in Mn12 acetate.3 

I. SPIN HAMILTONIAN: RESONANCE CONDITION 

Our model is based on the following spin Hamiltonian:4 

ß%=-DSz
z + . ?!+. '2> 

where 

and 

'[ = -A4S4-gfiBHzSz 

-■C(S4
++S4_)-gf^BHxSx. 

(la) 

(lb) 

(lc) 

The first term in .9S favors the spin alignment along the z 
direction (c crystallographic axis of Mn12 acetate). The two 
local energy minima are separated by an energy barrier U 
= DS2+A4S4 («70 K in Mn12 acetate5). .W\ and .W2 are 
stationary perturbations. They include higher order anisot- 
ropy terms and the interaction with the local magnetic field 
H. In Mn12 acetate, this local field is a superposition of an 
external applied field H° and an internal field Hd, where the 
effect of dipolar and hyperfine interactions are included.4 

Unperturbed states \m) and \—m) are degenerate. The 
diagonal perturbation 3$\ upsets this resonance condition. 
New   resonance   conditions   for   \m)   and   \ — m — n)   are 

"'Electronic mail: fluis@posta.unizar.es 

achieved if Hz=Hnm, where Hnm = n(l + anm)D/g/MB, 

anm=(A4/D)[m2+(m + n)2], and n = 0,1,2,... 
In resonance, the off diagonal terms induce tunneling 

between these degenerate unperturbed states and lift the de- 
generacy by A£/+lj/. Index / labels eigenstates |^;) of 3£ 
in increasing order of energy. Consider large deviations from 
the resonance condition above. More specifically, if 
g/jiB(2m + n)\Hnm-Hz\>AE,j+l the eigenfunctions of .%$ 
become localized on either side of the energy barrier, and 
quantum tunneling becomes blocked. In resonance only ran- 
dom dipolar fields contribute to Hnm - Hz. Then, the above 
inequality is not fulfilled for upper energy levels, through 
which tunneling proceeds freely. 

Both terms in Eq. (lc) are necessary in order to explain 
the magnetic relaxation observed experimentally in Mn12 

acetate.6 For Hz = nHx, and n odd, the fourth order spin term 
alone would give AE = 0 for all energy levels, whereas quan- 
tum tunneling is observed for such field values. Therefore, it 
is necessary to consider the interaction with the internal field. 
However, this perturbation, by itself, is not sufficient. For 
Mn12 acetate, //dx~(v2)J7dz»«6X 10~2 Hx.

3 Using this 
value, it follows that A£,j+l<2gfiBmHdz for states m = 4, 
-4 (/= 13). This would be in disagreement with tunneling 
experiments in Mn12 acetate.7 We find that joint action of 
both interactions leads to good agreement with 
experiments7'8 using D = 0.60K, A4/D= 1.7X 10~3, C/D 
= 5.1X10~5, and #dx=6.4X 10"2 Hj. These parameters 
are, within given errors, the ones obtained from high field 
electron paramagnetic resonance (EPR) experiments.5 

II. QUANTUM TUNNELING THROUGH THERMALLY 
ACTIVATED STATES 

In Mn12 acetate above 2 K, tunneling occurs through 
excited states.3'7 Consider a spin interacting with a thermal 
bath. Assume an initial state |^,) with low energy Et, which 
is localized on the left-hand side of the energy barrier and 
that no field is applied. Phonon induced transitions involving 
a large change in the magnetic number m have a negligible 
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FIG. 1. Calculated (continuous line) and experimental (points) relaxation 
rate at 7=5 K as a function of the longitudinal applied field. #[ is, in every 
case, the smallest nonzero field where T peaks. 

SHRH/D 

FIG. 3. Crossover temperature (see the text) for Hz=\0 3 Dlg/j.B as a 
function of the transverse local field. 

probability. Therefore, absorption of a phonon brings the 
system to a higher energy state, localized on the same side of 
the barrier. The final state is a coherent superposition of two 
energy eigenstates |^;) and iM^+i), that differ in energy by 
A£u+i. if g^B^m + n)\Hz-Hnm\>A£u+I. Energy con- 
servation does not allow such coherent superposition to last 
for times much longer than hlLEx>/+1. On the other hand, 
g/ubBHdz>h/T0, where T0^ 10~7 S is a typical lifetime of an 
excited state, holds for Mn,2. It follows then that r0 

>h/AEij+i. Consequently, the system is in an incoherent 
superposition of energy eigenstates most of the time before it 
decays into states localized on the other side of the energy 
barrier. There is a nonvanishing probability to decay on the 
opposite side of the energy barrier, because these excited 
energy eigenfunctions extend over both positive and negative 
m values. When the local field deviates from its resonant 
value, states become more localized, and, consequently, the 
total relaxation rate decreases. This scheme explains qualita- 
tively the resonance observed experimentally at every cross- 
ing field. A more quantitative account follows. 

Since incoherence prevails, the time evolution of (Sz), 
can be calculated with Pauli's master equation. Transition 

6.0 
4 

3.0 -4 
rate 0.0 -11 

-3.0 \ 

12.0 

8.0 
Trans, field 4.0 

FIG. 2. Relaxation rate (in logarithmic scale) as a function of the inverse 
temperature at several values of the transverse local field (in units of 
DlgixB) and fixed H= 10"3 D/gfiB. 

probabilities between numerically exact energy eigenstates / 
and /' have been calculated using Fermi's Golden Rule, as in 
Ref. 9, which gives 

W^^qlE-E^KE^BiS^E^Au,, (2) 

where AIV = nlv and At j, = 1 + nlv for upward and down- 
ward transitions, respectively. Here, n;;/ = l/[exp(A£';;;/ 
kBT)-\~\ is the average number of phonons of energy 
AEtji. We have chosen the simplest operator V 
= [SX ,SJ+ + [Sy ,SZ] + which is Hermitian and time reversal 
invariant. The term q is a parameter which measures the 
strength of the spin-phonon interaction. We chose its magni- 
tude to give best agreement between the calculated ac sus- 
ceptibility and experimental data obtained at T= 5 K. Results 
from our calculations are compared to experimental results 
in the following section. 

III. RESULTS 

Numerical calculations show6 that {Sz)t relaxes expo- 
nentially to equilibrium, except for a very short initial time 
interval (of the order of T0). The relaxation rate T equals the 
absolute value of the largest nonzero eigenvalue of the tran- 
sition matrix W. T for T= 5 K is plotted as a function of the 
applied field in Fig. 1. As expected (see Sec. II) maxima of T 
appear at crossing field values, in good agreement with 
experiments.8 

When Hx = Hdx, that is, if no transverse field is applied, 
T follows Arrhenius law T = T0 exp(Uef/kBT), at least in the 
temperature range 0.1<D/£ßr<0.35 for all values of the 
longitudinal field. This means that there is only one relax- 
ation channel in this temperature range. 

As the magnitude of the transverse field increases, lower 
lying tunneling state pairs may become unblocked. Conse- 
quently, I/ef decreases, as inferred from the slope of the T vs 
\IT curves in Fig. 2. Below a crossover temperature TQ, 
thermal population of the excited states becomes so small 
that the spin reversal can only take place by nonresonant 
tunneling from the ground state.4 Thus, T is temperature in- 
dependent below TQ (see Fig. 2). As Hx increases, the prob- 
ability for this tunneling mechanism increases. Conse- 
quently, TQ becomes larger (see Fig. 3). If Hx> 12 ffj, the 
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FIG. 4. Magnetization, in units of g/xB , as a function of the longitudinal 
applied field. Points represent experimental data at different temperatures; 
O, 1.77 K; •, 2.1 K; D, 2.64 K. Continuous lines stand for the results of our 
numerical calculations. 

ground state is not blocked by Hdz and coherent tunneling 
can proceed, unassisted, through the ground state doublet. 

Knowledge of T enables us to calculate magnetization 
hysteresis loops. Internal fields vary almost randomly be- 
tween different molecules. In order to compare the results of 
our calculations to experiments, all physical magnitudes 
have been broadened using a Lorentzian distribution of local 
fields, with standard deviation cr=4X10"2 Hx. Figure 4 
show hysteresis loops calculated at three different tempera- 
tures, which are in reasonable agreement with the 
experiments.3 The field is changed in steps of lO-2^ and 
the best fit is obtained if it is kept constant for 15 s. 

Our calculations show that, to a good approximation, 
only the smallest eigenvalue of the transition matrix is rel- 
evant to magnetic relaxation. Therefore, ac magnetic suscep- 
tibility, for a given local field, has been calculated using 
Debye's formula 

M     1   s. 

0.5 

.A 1                   ' 

      • 
1 

X    Xhf - 
M 
K 

O X" 
L                A _   _    -   k 

^eq'^hf" 

A \ 
- 

s &t v*ws - 

1 

X-*hf= 
leq "Xhf 

l + uu/r' (3) 

0 1 2 
H °/H 

z 1 

FIG. 5. Magnetic susceptibility for O)/2TT=15 HZ and 7=5 K as a function 
of the longitudinal applied field. Data points represent experimental results 
for a single crystal of Mn,2 acetate (see Ref. 8), lines are the theoretical 
values. The high frequency component xhf has been subtracted from the 
experimental data because it vanishes in our calculations. 

where ^eq is the equilibrium susceptibility, and then broad- 
ened with a distribution of local fields. The calculated sus- 
ceptibility is compared in Fig. 5 to some experimental data. 
The quantitative agreement is gratifying. 
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The magnetic properties of the Mn12ac molecular cluster were studied by complex susceptibility and 
specific heat measurements. Extensive ac susceptibility measurements done under a magnetic field 
on good quality single crystals and zero field powder sample specific heat results indicate that the 
usual uniaxial Hamiltonian, as well as the recently proposed fourth order corrections, are not enough 
to account for all the observations. Very low temperature specific heat data indicate the presence of 
zero field splitting of the ground state which is much larger than expected. Finally, specific heat 
measurements done under a magnetic field permitted us to observe and measure the lattice spin 
relaxation by calorimetric methods with time constants that are in agreement with the magnetic 
relaxation measurements.   © 1998 American Institute of Physics. [S0021-8979(98)49111-4] 

INTRODUCTION 

Molecular crystals containing isolated magnetic clusters 
have recently renewed the attention to the relaxation proper- 
ties of small magnetic particles,1'2 because they permit the 
macroscopic observation of single nanomagnetic particle 
properties, avoiding complications due to size and orienta- 
tion distribution existing in traditional small magnetic par- 
ticle systems. In particular, for the most studied one, MnJ2ac, 
it was possible to observe unusual magnetic quantum phe- 
nomena at the nanoscopic scale: thermally assisted quantum 
tunneling and field tuned resonant tunneling.3-5 These ferri- 
magnetic clusters formed by 12 Mn atoms coupled by 
antiferromagnetic superexchange interaction are 
embedded in large molecules with the formula 
[Mn12(CH3COO)16(H20)4012], being well isolated from 
each other.6 A S= 10 spin configuration is stabilized below 
20 K with a high anisotropy3 responsible for the slow super- 
paramagnetic relaxation of the magnetization observed be- 
low 4 K.7 The high uniaxial crystalline anisotropy splits the 
5= 10 levels in 10 doublets with ms= ± 10 lowest in energy. 
The simplest spin Hamiltonian in zero field may be written 
as 

H=-DS2-gfiBS-B (1) 

with the splitting parameter D first determined by electron 
paramagnetic resonance (EPR) spectroscopy8 to be D/kB 

= 0.86 K, so the total anisotropy energy barrier is AE/kB 

= 86 K. At very low temperatures, each cluster of this sys- 
tem can be considered as blocked in one of the two ' 'mac- 
roscopic" degenerated states |ms=±10). Classically, the 
switching between those states occurs only by a thermal ac- 
tivation process over the barrier. The magnetic relaxation 
time was found to follow an Arrhenius Law:7 

T=r0e AEIkRT (2) 

with AE/kB=64K and the prefactor r0 = 2.4X10 ' s. Be- 
low 2 K, the relaxation time deviates from the Arrhenius 
law, becoming temperature independent9 and being attrib- 

uted to quantum tunneling of magnetization (QTM). Other 
evidence of QTM came from the unusual increase of the 
relaxation time for small fields.3 More recently, magnetiza- 
tion curves in oriented powder4 and single crystal5 showing 
steps at regular field intervals were interpreted, using the 
Hamiltonian Eq. (1), as thermally assisted resonant quantum 
tunneling at fields where the energy of opposite spin orien- 
tation crossed. Recently, we showed that the expected spe- 
cific heat Schottky contributions from Eq. (1) were not in 
agreement with the experimental results above 3 K.10 Better 
agreement was obtained using a Hamiltonian including 
fourth order terms in spin operators, proposed recently by 
Barra et al.u Still a considerable linear term, as well as a low 
temperature specific heat contribution, remained to be ex- 
plained and will be addressed by this article from extended 
specific heat measurements down to 0.1 K. 

EXPERIMENTAL RESULTS AND DISCUSSION 

We will now present new ac susceptibility measure- 
ments as function of temperature and external field at various 
frequencies (from 1 Hz to 10 kHz). The temperature depen- 
dence of the relaxation data, obtained from the maxima of 

0.10 0.15 0.20 
1/T (1/K) 

0.25 

"'Electronic mail: mnovak@if.ufrj.br. 

FIG. 1. Arrhenius fit for the relaxation time for the Mnl2ac in zero field. 
Inset shows real (line with symbol) and imaginary susceptibility at selected 
frequencies. 
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FIG. 2. Susceptibility as function of external field along c axis. Inset shows 
a sketch of the anisotropy energy barrier as function of orientation of the 
spin with the c axis. 

the imaginary part of the susceptibility,3 is shown in Fig. 1. 
The total effective energy barrier obtained by fitting Eq. (2), 
A.E/kB=65 K, and T0= 1.5X 10"7 s depend slightly on the 
temperature range considered due to the small downward 
curvature. The slope of this plot, d In r/d(l/T), may be con- 
sidered as an effective energy barrier (Eef) which changes 
with T. In the high frequency (and temperature) range, Ee{ 

reaches 95 K and r0 about 10"10 s, closer to the usual at- 
tempt frequency of traditional superparamagnets. This re- 
flects the decreasing importance that thermally activated 
quantum tunneling (TAQT) between the middle of the bar- 
rier states have as the temperature is raised. Around 10 K 
most of the spins switch by classical over barrier thermal 
activation which is much faster than TAQT. 

In Fig. 2 we show typical curves of ac susceptibility data 
obtained under an external field along the easy c axis which 
permitted us to determine the resonant field at which level 
crossing occurs. From several curves done from 4.3 up to 10 
K and using various frequencies we were able to determine 
up to four resonances with values of the applied field H 
= 0.0, 4.3, 8.8, and 12.9 kOe, and independent of tempera- 
ture. Those fields are close to the ones found at lower tem- 
peratures in magnetization measurements5,12 but have a 
much narrower width, x' shows a maximum with a Lorent- 
zian shape, whereas x" shows either a maximum or a local 
minimum at the resonant fields, depending if the temperature 
is below of above the blocking temperature for the measure- 
ment frequency. The main resonance occurs at a zero field 
and has a half width around 600 Oe. This is much larger than 
the expected linewidth for tunneling resonance,13 and reflects 
the presence of a distribution of local fields of different ori- 
gins: hyperfine, dipolar, and demagnetizing. 

The specific heat measurements were done using the 
semiadiabatic method from 1.4 up to 25 K in a home made 
cryostat and from 0.1 to 1.5 K in another calorimeter at- 
tached to the mixing chamber of a dilution refrigerator. Each 
data was collected using a 1 min heat pulse and monitoring 
the temperature drift for several minutes before and after the 
heat pulse with automated data acquisition systems. Three 
different contributions to the total specific heat are expected: 

T(K) 

FIG. 3. Specific heat data in zero field in the whole temperature range. 
Calculated Schottky contribution using energy levels given by Eq. (4) (full 
line). The splitting of the ms= ± 10 ground state is represented by the bro- 
ken line. The straight line at lowest T is the hyperfine T~2 fit. Inset shows 
the resultant c/T T2 plot after subtracting the two Schottky contributions, 
showing a negligible linear term. 

lattice C;, hyperfine ch, and magnetic Schottky cs: 

c = c{ + ch + cs. (3) 

The hyperfine contribution is negligible above 3 K. We ana- 
lyze the data above this temperature by calculating the mag- 
netic Schottky contribution due to the zero field splitted en- 
ergy levels given by the recently proposed Hamiltonian and 
parameters of Ref. 10: 

H=DS2
Z+AS* + B(S\ + S4_). (4) 

The contributions that are left are c j and an extra one below 
3 K which cannot be attributed to pure hyperfine interactions 
within the Mn atoms. In Fig. 3 we show the experimental 
results and the calculated Schottky specific heat as the full 
line. A T3 Debye term could be extracted above 3 K, leaving 
a considerable linear contribution with a small rounded 
maximum at 1.89 K. This is not expected by Eq. (4), which 
gives a ground state splitting too small to explain this con- 
tribution. Recent neutron scattering experiments14 which 
agree with this last Hamiltonian reported the existence of a 
distinct energy level around 0.2 THz which would corre- 
spond to a ground state splitting of about 5 K. Our data 
below 3 K can be explained if we invoke a 4.5 K splitting of 
the ground sate and assuming that only 17% of the total 
clusters contribute to this anomaly. This also eliminates the 
unexplained apparent linear term in the specific heat above 3 
K,10 as shown in the inset of Fig. 3. At the lowest tempera- 
ture the line is the expected T~2 contribution due to the Mn 
nuclear hyperfine interaction. The 17% factor may be related 
to a fast relaxation process present in this system also corre- 
sponding to a fraction of the total magnetization. In fact, 
recent ac susceptibility measurements show that this second 
relaxation process follows roughly an Arrhenius behavior 
down to 2 K with relaxation time extrapolated to 1 K of the 
order of 50 s. The origin of this splitting cannot be related to 
a combination of hyperfine and dipolar fields, as it corre- 
sponds to an equivalent field of 3.3 kOe. Estimates of this 
local field add up to about 0.5 kOe and have a distribution 
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which depends on the magnetization of the sample. This is in 
agreement with the ac susceptibility resonance at a zero field 
in Fig. 2. The local fields are also responsible for the non- 
negligible specific heat between 0.3 and 0.8 K, unaccounted 
by pure Mn hyperfine interactions or by the ground state 
splitting. Another possibility for the ground state splitting 
may be due to canting of individual Mn spins within each 
cluster occurring at a temperature above 2 K, a process 
which is not cooperative, thus not giving rise to any sharp 
anomaly in the specific heat. 

Finally, we consider the effect of an external magnetic 
field, leading to a field dependent Schottky anomaly. For 
simplicity we use the simple Hamiltonian in Eq. (1). Al- 
though the system is not in equilibrium, one may consider in 
quasiequilibrium and count only the states that are accessible 
in the measuring time. The system may be regarded as two 
sets of spins with the same energy level spacing, one with 
the +ms or down states and the other with the — ms or up 
states separated by the anisotropy barrier. In the zero field, 
the thermal excitations take place within each side of the 
double well and from one side to the other with a smaller 
probability due to tunneling. At a low enough temperature, 
when the switching time is much longer than the typical 
measuring time (at 3 K the time for spin reversal is 300 s), 
the two sets of energy levels become independent from each 
other, reducing the number of the accessible states to about 
one half. In the presence of a small magnetic field, as long as 
the two sets of levels continue being independent, the spe- 
cific heat should be almost the same as the field produces 
small changes in the level spacing within each well. Figure 4 
shows the specific heat data in a field of 3 kOe as well as in 
zero field. An excess contribution due to the field becomes 
apparent above 3 K, which corresponds to the blocking tem- 
perature for the experimental time window. At lower tem- 
peratures the relaxation time is much longer than the time 
scale of our measurements, so each cluster spin remains 
blocked in either side of the barrier, and the specific heat 
remains almost the same as in the zero field. As the tempera- 
ture is increased and the relaxation time becomes comparable 
to the experimental time, the states in both sides become 
progressively accessible as the spins unblock and the specific 
heat increases. In fact, in the temperature evolution after 
each heat pulse an extra exponential time dependence ap- 
pears from which we could determine what we call the 
lattice-spin relaxation time, having a fair agreement with the 
magnetic relaxation time constant as can be seen in the inset 
of Fig. 4. 

T(K) 

FIG. 4. Specific heat of Mn12ac powder in 0.3 kOe and a zero applied field. 
Inset shows lattice spin relaxation time data and spin lattice relaxation from 
magnetic measurements as straight line. 

In conclusion, low temperature specific heat measure- 
ments on Mn12ac clusters show clearly a splitting of the 
ground state and also allowed the observation of lattice spin 
relaxation. 
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Comparison of the spin dynamics in different types of molecular magnetic 
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Proton spin-lattice relaxation (NSLR) measurements have been performed in two molecular copper 
magnetic rings containing 6 and 8 spins (5=1/2), respectively, in an almost coplanar arrangement 
in order to probe the spin dynamics of the spins in the ring. The NSLR results obtained in the Cu6 
and Cu8 rings as a function of temperature and of applied magnetic field are compared with 
previous results of NSLR of !H in the iron(III) rings Fe6 and FelO (5 = 5/2). At room temperature, 
common features are found in the spin dynamics while at low temperature, when correlation effects 
become important, important differences are observed in the rings depending on the kind of 
coupling between magnetic spins (ferromagnetic or antiferromagnetic) and on the spin value 5. 
© 1998 American Institute of Physics. [S0021 -8979(98) 19911 -5] 

I. INTRODUCTION 

The recent successes in synthesizing solid lattices of 
weakly coupled magnetic molecular building blocks has 
opened up the possibility of studying experimentally magne- 
tism at the mesoscopic scale.1 The study of molecules is of 
particular interest, where strongly interacting spins are ar- 
ranged in almost coplanar ring configurations, a situation 
which can be easily modeled theoretically.2 

Molecular clusters containing 6 and 10 iron (III) spins 
(5 = 5/2) in almost coplanar ring configuration have been 
recently investigated by magnetic susceptibility3 and proton 
NMR.4 We present here 'H NMR results in a new set of 
rings containing 6 and 8 copper ions, respectively, also in 
almost coplanar configuration. The copper ions have 5 
= 1/2 and thus these rings represent mesoscopic scale 
"quantum" spin rings. The comparison of the 'H NMR in 
the quantum copper rings with the 'H NMR in iron(III) (5 
= 5/2) ' 'classical'' rings appears particularly interesting. The 
two new Cu rings investigated here are the cluster 
[(PhSi02)6Cu6(02SiPh)6]-6EtOH which will be denoted as 
Cu65 and the cluster [Cu8(dm/?z)8(OH)g]-2C6H5N02 

which will be denoted as Cu8.6 In the Cu6 ring, the coupling 
between nearest neighbor Cu2+ spins is ferromagnetic (FM) 
with coupling constant |/|/£5 = 60.5 K and the ground state 
configuration is magnetic with total spin 5 = 3.5 In the Cu8 
ring, on the other hand, the coupling is antiferromagnetic 
(AM) with a large \J\lkB value ( = 800K) and the ground 
state is a 5 = 0 nonmagnetic singlet.7 

a)
Also at: Department of Physics "A. Volta," Unita INFM di Pavia, Via 
Bassi6I27100Pavia, Italy 

b)Electronic mail: borsa@ameslab.gov 

II. RESULTS AND DISCUSSION 

The NMR measurements were performed on polycrys- 
talline powder samples synthesized as described in Refs. 5 
and 6. The proton nuclear spin-lattice relaxation rate (NSLR) 
T\' was measured with a standard Fourier transform pulse 
NMR spectrometer by monitoring the recovery of the 
nuclear magnetization following a short sequence of saturat- 
ing radio frequency pulses.4'8 The recovery was nonexponen- 
tial due to the presence of many inequivalent protons in the 
irradiated NMR line. The NSLR reported here was obtained 
from the initial decay of the magnetization. 77 is thus a 
weighted average over all protons.4 

The protons in the molecules are coupled to the Cu2+ 

spins via nuclear-electron dipolar interactions. The fluctua- 
tions of the Cu2+ spins generate a time dependent hyperfine 
field at the proton site which induces nuclear spin-lattice 
relaxation. Thus, measurements of NSLR allow one to probe 
the spin dynamics of the spins in the ring. 

The general expression for the NSLR due to the cou- 
pling of the protons to the fluctuating Fe or Cu spins is9'10 

1     (hjnJe)2 

Tx       (4TTg2fl2
B) 

kBT 
1 

X A±(q)x±(q)fq(<»e) 

+ 2 A\q)X
z{q)fq{un) 

1 
(1) 

where «„ = ynH and coe = yeH are the Larmor frequencies of 
the proton and of the free electron, respectively, g is the 
Lande's factor, fiB is the Bohr magneton, kB is the Boltzman 
constant, x(q) is the generalized ^-dependent spin suscepti- 
bility, and/„(w) is the spectral density of the collective spin 
fluctuations. The coefficients A ±{q) andAz(^) are the Fou- 
rier transforms of the spherical components of the product of 
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two dipole-interaction tensors9 describing the hyperfine cou- 
pling of a given proton to the Cu magnetic moments. The 
symbol ± and z refer to the components of the Cu spins 
transverse and longitudinal with respect to the quantization 
direction which is here the external magnetic field. 

In the high temperature approximation, Eq. (1) can be 
approximated as 

1 

Ti     (4ir*2/4) 
kBTX(q = 0) -A±<S>±(we) 

+Az<S>z(o)n) (2) 

where <£>"(«) = 2 ?/^( to) are the Fourier transforms of the 
auto-correlation functions (CF) of the transverse (or=±) 
and longitudinal (a = z) components, respectively, of the lo- 
cal Cu spin. The enhancement of T\l at low fields is similar 
to what is observed in one dimensional paramagnetic chains 
where it results from the diffusive behavior at a long time of 
the correlation function in ID Heisenberg systems.9 In a fi- 
nite size ring, one expects that the spin auto-correlation func- 
tion has an initial fast decay with correlation frequency TD 

oc |yj/A followed by a much slower decay due to the cyclic 
boundary conditions of the ring, terminating with a cut-off 
frequency TA which depends on anisotropic terms in the spin 
hamiltonian.8'9'11 Thus we write8 

1    ±       TA 1 A± 

+A 
B + H2 + C. (3) 

The experimental results about the dependence of the 
NSLR on the external magnetic field at room temperature in 
Fig. 1 were fitted by using the second part of Eq. (3) with H 
measured in Tesla and 1/7" j in ms_1 (see curves in Fig. 1). 
For Fe6, we have not done a fit of the data due to the large 
experimental uncertainty. However, as can be seen in Fig. 
1(a), the data for Fe6 can be accounted for by the same 
theoretical curve which fits the FelO data. 

Since the exchange coupling J is much greater than the 
anisotropy, one expects TD>FA. Thus from the fitting pa- 
rameters in Eq. (3), we can estimate values for TA, A

±, and 
Az from experiments with the assumption that A ± and Az are 
of the same order of the magnitude. The estimated values are 
shown in Table I together with the values of TD calculated 
from the spin diffusion model, i.e., rD=(2TrJ/h)[S(S 
+ 1)] ~ m.8 The calculated values of TD support the assump- 
tion TD>TA . The value of TA for FelO (Fe6) corresponds 
to hTA/kB = 0.6K very close to the anisotropy energy de- 
duced from Fe6 susceptibility measurements.3 The values of 
T^ in Table I do not change appreciably for the different 
rings indicating that the anisotropy is small for all the 
Heisenberg rings. Finally the values of the hyperfine cou- 
pling constants are of the correct order of structure data. In 
fact, A ± and Az are products of two dipolar interaction tensor 
components and thus of the order of r~6 where r is the 
distance between a proton and a Cu (Fe) electron spin. We 
conclude that the main feature of the high temperature spin 

_0.10 

0.05 

Cu8 

0.1 10 

H (Tesla) 

FIG. 1. Proton average nuclear spin-lattice relaxation rate (NSLR) vs ap- 
plied magnetic field at room temperature for the two classical iron(III) rings 
(a) and for the two quantum copper rings (b) and (c). The curves are the 
results of the fit to Eq. (3) with the parameters in Table I. 

dynamics is the persistence at long times of the spin-spin 
correlation function due to the periodic boundary conditions 
in the ring. This feature seems to be common to all rings. 

The temperature dependence of the NSLR is a sensitive 
probe of correlation effects of the spins in the ring and/or the 
presence of the gap from the ground state to the first excited 
state due to the finite size of the spin system. Contrary to the 
high temperature case, the low temperature spin dynamics 
displays a variety of behaviors according to the type of ring. 
We present here preliminary results with a qualitative discus- 
sion. A complete study including 63Cu NMR results will be 
published elsewhere.7 

The temperature dependence of the !H NSLR is shown 
in Fig. 2. The temperature dependence of the classical AF 
ring Fe6 from Ref. 4 is reported in Fig. 2(c) for the purpose 
of comparison. In comparing the data for the AF rings in 
Figs. 2(b) and 2(c), it is noted that in both cases the NSLR 
displays an exponential drop at low temperature due to the 
condensation of the system in its 5 = 0 nonmagnetic ground 
state separated by a gap A/fcß from the first excited triplet 
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TABLE I. 

Ring 
(1012 rad/s) 

(calc.) (1010 rad/s) 
A± 

(1045cm"6) 
Az 

(1045cirT6) 
JlkB 

(K) 

Tx(q = 0) (7=300 K) 
(emu/mole of 
magnetic ion) 

FelO 
(Fe6) 
Cu6 
Cu8 

5.33 
(11.05) 

6.86 
90.6 

7.5±1.5 

8.2±0.7 
9.9±3 

5.3±2 

13±3 
15±4 

5±0.5 

2±0.4 
5.2±1 

13.8 
(28.6) 
60.5 

-800 

3.2±0.2 
(2.5 ±0.2) 
0.47 ±0.03 

0.085 ±0.01 

state. For Fe6, the gap, derived from susceptibility measure- 
ments, is A/kB = 20 K3 while for Cu8, MkB=600 K.7 These 
values are consistent with the NSLR results although some- 
what different values for the gap are derived from NSLR.4'7 

For Fe6, one observes an enhancement of 1/Tj at low T 
which is not present in the susceptibility data [see Fig. 2(c) 
and inset] and is thus arising from a slowing down of the 
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FIG. 2. Proton average NSLR vs temperature (a) for Cu6 ring: (■) 7 MHz; 
(X) 60 MHz. The inset shows the behavior of 7x(emu/mol) from Ref. 5. (b) 
for Cu8 ring: (■) 7 MHz; (X) 62 MHz. In the inset 7>(emu/mol) from Ref. 
7. (c) for Fe6 ring: (■) 7 MHz; (X) 60 MHz. In the inset 7>(emu/mol) 
from Ref. 3. 

spin fluctuations as the system becomes more correlated, i.e., 
a decrease of rD in Eq. (3). For Cu8, it is not possible to say 
if the enhancement of 1/7, is present since one should ex- 
tend the measurement at higher temperature where the sys- 
tem decomposes. 

Another comparison can be made between the FM ring 
Cu6 and the AF ring Fe6 in Figs. 2(a) and 2(c). In the tem- 
perature range of 300-50 K, the NSLR increases in the FM 
case and it decreases in the AF case indicating that the spin 
dynamics is dominated by the behavior of the static response 
function Tx(q-O) in Eq. (3). In both cases, the NSLR has a 
critical divergence for T approaching the short range "order- 
ing" temperature \J\lkB as shown in Fig. 2. (For Cu6, 
\j\lkB = 60.5 K5 while for Fe6 |/|/JkÄ=28.8 K.3'4 Finally, al- 
though in both Fe6 and Cu6 the NSLR drops as T—>0 due to 
the gap, in the case of the Cu6 FM ring, there remains si- 
zeble nuclear relaxation due to the degeneracy of the 5 = 3 
ground state. A quantitative analysis of the low temperature 
nuclear relaxation should give information about the excita- 
tions in the S = 3 ground state. 
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An analysis is given of recent electron paramagnetic resonance (EPR) experiments in manganite 
materials displaying colossal magnetoresistance behavior. These experiments have established that 
in highly homogeneous samples characterized by a single resonance line, the EPR linewidfhs above 
the critical region associated with the paramagnetic-ferromagnetic transition are inversely 
proportional to Tx(T), where x denotes the susceptibility. This behavior indicates that the linewidth 
does not reflect a coupling to the lattice vibrations but rather is caused by a spin-only mechanism. 
The possibility that the linewidth arises from the dipolar interaction is assessed using an effective 
interaction model. On the basis of the model calculation, it is concluded that the dipolar interaction 
is probably too weak to account for the observed broadening and that the linewidth most likely 
arises from tetragonal and orthorhombic distortions of the octahedral crystal field at the sites of the 
Mn ions. The EPR linewidth in samples with very low concentrations of Mn4+ ions is expected to 
vary with temperature as [Txsp(T)]~l, where XsP(T) is the susceptibility of the ferromagnetically 
coupled spin polaron. By measuring the temperature dependence of the linewidth, one may be able 
to determine the temperature dependence of the polaron susceptibility. © 1998 American Institute 
of Physics. [S0021-8979(98)16911-6] 

I. INTRODUCTION 

Understanding the behavior of Mn-based materials 
showing colossal magnetoresistance (CMR) properties is a 
challenge for both experimentalists and theorists. Although 
most of the attention has been focused on the effect of ap- 
plied magnetic field and temperature on the conductivity, 
there is much to be learned from studies of the spin- 
dependent properties through measurements of the static and 
dynamic spin susceptibilities. This is a consequence of the 
fact that the dominant magnetic interaction is the double ex- 
change (DE) coupling, which is associated with the "hop- 
ping" of electrons between Mn ions. In the simple picture, it 
is these mobile electrons that are the source of the anomalous 
transport. 

Experimental studies of CMR materials have been ham- 
pered by the difficulty of obtaining high-quality samples. 
This has been a particular problem for electron paramagnetic 
resonance (EPR) measurements, which are unusually sensi- 
tive to sample inhomogeneities. Recently, the results of a 
series of EPR measurements have been reported by Granado 
et al.1 that provide direct evidence of the effect of sample 
homogeneity on the EPR spectra. The results of similar mea- 
surements on high-quality samples of La!_xSr^Mn03 have 
been also been reported by Lofland et al.2 Of particular in- 
terest here are the measurements of the EPR linewidth of a 
highly homogeneous, ceramic sample of La2/3Cai/3Mn03 
presented in Ref. 1. The authors found that the linewidth 
varied as AITxi T), where x denotes the susceptibility and A 
is a temperature-dependent parameter *» 7200 Oe K. This be- 
havior was observed over the range 300K^T:e900K(rc 

= 270 K). The absence of a temperature dependence to the 
linewidth beyond that associated with the product Tx(T) 
was interpreted as indicating that the linewidth arose from a 
spin-only mechanism, in contrast to earlier results where the 

linewidth was attributed to a spin-phonon mechanism.3-5 

Such an interpretation was based on measurements which 
found the parameter A to be a linear function of the tempera- 
ture indicative of a one-phonon mechanism.6 

It is beyond the scope of this paper, and probably pre- 
mature, to characterize EPR measurements that do not show 
a linewidth varying with temperature as [Tx(T)]~l as being 
influenced by sample inhomogeneity. Rather, we take the 
point of view that measurements that do find that A ap- 
proaches a constant value at high temperatures are directly 
probing a spin-only relaxation mechanism for the total spin. 
In this paper, we will discuss possible microscopic spin-only 
mechanisms for the relaxation of the moment in CMR mate- 
rials. We will also comment briefly on the importance of 
EPR measurements on samples with very low concentrations 
of Mn4+ ions. 

II. ANALYSIS 

Due to the role of the double exchange mechanism, a 
quantitative analysis of the EPR linewidth even in the high- 
temperature limit is a formidable problem. Since we are 
mainly interested in a qualitative analysis of the linewidth in 
the La2/3Ca1/3Mn03 sample described in Ref. 1, we will ap- 
proximate the DE interaction by a nearest-neighbor Heisen- 
berg interaction, with an effective spin determined by the 
weighted averages of the spins of the Mn3+ and Mn4+ ions 
and an exchange integral inferred from the paramagnetic 
Curie temperature, Tcp, «370 K. Support for such an ap- 
proximation comes from inelastic neutron scattering studies 
in Lao 7Pb0 3Mn03, where the magnon dispersion curves over 
much of the Brillouin zone were fit with the corresponding 
Heisenberg spin-wave dispersion relation obtained from an 
exchange interaction with an effective spin equal to 1.85 and 
a nearest-neighbor coupling J equal to 27.6 K.7 
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In a similar spirit, we equate the paramagnetic Curie 
temperature of La2/3Cai/3Mn03 to the standard expression 

kBTcP= (2/3)z/Seff(Seff+ 1), (1) 

where z( = 6) is the number of nearest neighbors and Seff is 
an effective spin defined to ensure that the effective Curie 
constant (lß)g2ß\Sef£Se{{+l) is equal to the weighted av- 
erage of the Curie constants of the Mn3+ and Mn4+ ions, 
(l/3)g2/4{6(l-x) + (15/4)x}. Using this expression with 
x=l/3, one obtains 5eff(5eff+l)=5.25 and an effective 
nearest-neighbor Heisenberg interaction / equal to 17.6 K. 
Since the Lao 7Pb0 3Mn03 sample had a Curie temperature of 
355 K, whereas the measured Curie temperature of the 
La2/3Ca1/3Mn03 sample was 270 K, our value for J, when 
scaled by the ratio (355/270), is equal to 23.1 K, which is 
reasonably close to the value inferred for the Pb sample, 27.6 
K, indicating a measure of consistency between the highl- 
and low-temperature analyses. A more stringent test of the 
analysis is provided by a calculation of the zero-temperature 
spin stiffness D. For a Heisenberg ferromagnet with nearest- 
neighbor interactions, one has D = 2JSd2, where d is the 
nearest-neighbor separation 3.9 Ä. Replacing S by the aver- 
age spin, 5av=2(l-x) + (3/2)x= ll/6(x= 1/3), one obtains 
D = 85 meV Ä2. This value is within a factor of 2 of the 
stiffness obtained from inelastic neutron scattering studies of 
Lao 67Ca0.33MnO3, where it was found that D = 155 meV Ä2 

for a sample with Tc = 250 K.8 

With the parameters of the effective nearest-neighbor 
Heisenberg Hamiltonian in hand, one can proceed to calcu- 
late the high-temperature limit of the EPR linewidth using 
the well-known technique of spectral moments.9 We first 
consider the dipolar mechanism. In the exchange narrowed 
limit, the Lorentzian linewidth (half width at half height) 8 is 
expressed approximately as (i7/2)1/2(M2)3/2(M4)"

1/2,10 

where M2 and M4 denote the second and fourth moments of 
the line-shape function. Integrating over angles and special- 
izing to a simple cubic lattice with nearest-neighbor interac- 
tions, we obtain the result 

d~l.5g4v4
B[Sef{(Seff+l)]md-6r\ (2) 

where d, as before, is the distance between nearest-neighbor 
Mn ions. With the values given previously for / and 5eff one 
has <?«* 3 Oe. This value is to be compared with the high- 
temperature limit of the linewidth in La2/3Ca1/3Mn03 in- 
ferred from the AHpp data in Ref. 1 and the corresponding 
paramagnetic Curie temperature, 370 K. One finds S 
^1800 Oe. Although the theoretical estimate for S was ob- 
tained from an effective Heisenberg Hamiltonian, we believe 
that the discrepancy of a factor of 600 between the two val- 
ues of S is too large to be attributed to the approximations 
and can be explained only by the existence of an alternative 
relaxation mechanism. This will be discussed in the follow- 
ing section. 

III. DISCUSSION 

As noted above, the estimate of the dipolar contribution 
to the high-temperature limit of the EPR linewidth is too 
small by a factor of 600, indicating the need to consider 

alternative mechanisms. A possible clue to the origin of the 
linewidth lies in the failure so far to observe a resonance 
signal in stoichiometric LaMn03. Stoichiometric LaMn03 

has orthorhombic symmetry at room temperature,11 whereas 
at room temperature, oxygen-annealed Laj_TCaA.Mn03 can 
have cubic symmetry for x>0.2.12 Since the high- 
temperature limit of the dipolar linewidth in LaMn03 is cal- 
culated to be on the order of 10 Oe (the Neel temperature in 
orthorhombic LaMn03 is 140 K and 5 = 2, so the corre- 
sponding value for the nearest-neighbor Heisenberg ex- 
change integral in the mean-field approximation is 6 K), the 
absence of a resonance in LaMn03 is attributed to the pres- 
ence of second-order [i.e., DS2

Z and £(52-52)] anisotropy 
terms in the spin Hamiltonian for the Mn3+ ions that come 
from the interplay of spin-orbit coupling and the noncubic 
components of the crystal field. Such terms are not invariant 
under rotation of the total spin. As a consequence, they can 
lead to the fast relaxation of the spin moment giving rise to a 
resonance that is too broad to be detected. [The cubic com- 
ponents of the crystal field are thought not to play an impor- 
tant role since the ten energy levels of the lowest manifold of 
the Mn3+ (d4) ion in an octahedral field are degenerate to 
first order in the spin-orbit interaction.13] Even in the case of 
the cubic phases of Laj _jCaxMn03, we expect local depar- 
tures from octahedral symmetry due to the presence of 
Mn3+, which is a Jahn-Teller ion. We hypothesize that it is 
the noncubic crystal symmetry or the local Jahn-Teller dis- 
tortions (dynamic and static) from cubic symmetry that is 
responsible for the anomalously large high-temperature line- 
width in Lat _xCa^Mn03 and other Mn-based CMR 
materials.14 Nevertheless, the single-ion mechanism is 
weaker than it is in the stoichiometric material presumably 
because of an enhanced effectiveness of the DE relative to 
Heisenberg superexchange interaction in producing an ex- 
change narrowed linewidth, a point that will be addressed in 
a separate publication. The effectiveness of the DE is also 
consistent with the presence of only a very weak (and thus, 
presumably, not intrinsic) resonance in the cubic Mn4+ com- 
pound CaMn03.15 Only when there are substantial concen- 
trations of both Mn4+ and Mn3+ ions is there an intense 
resonance signal. Also, we note that while we have empha- 
sized the importance of single-ion mechanisms, one cannot 
yet rule out anisotropic exchange couplings as a contributor 
to the relaxation. 

The discussion in the preceding paragraph points to the 
importance of measurements of the EPR linewidth in 
samples with very small concentrations of Mn4+ ions.14 In 
such systems, we expect that a spin-polaron picture will be 
appropriate. We predict that at high temperatures, the line- 
widths in these materials will vary as A'/Txsp(T), where 
Xsp(7") denotes the susceptibility of the spin polaron, which 
we expect to be proportional to (T— Tsp)~

l, where rsp de- 
notes an effective spin-polaron paramagnetic Curie tempera- 
ture reflecting the strength of the ferromagnetic correlations. 
In contrast, the parameter A' should have about the same 
magnitude it has in La2/3Cai/3Mn03, assuming a similar mi- 
croscopic relaxation mechanism. It is also possible that the 
random motion of the spin polaron can play a role in the 
relaxation of the moment of the cluster. If this is the case, 
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one might expect a motionally narrowed linewidth with a 
temperature dependence proportional to e\p[Ea/kBT], where 
Ea denotes a thermal activation energy for the polaron hop- 
ping. 

Finally, we would like to stress that although the dipolar 
interaction does not appear to make a significant contribution 
to the EPR linewidth at high temperatures, it can be impor- 
tant near the ferromagnetic critical temperature, where short- 
range anisotropic terms become relatively less important.16 

Should this be the case (which would require that the transi- 
tion be second order, or at least weakly first order), one 
would expect that the product Tx(T)AH would increase as 
T-^TC from the paramagnetic side. Because of the pro- 
nounced effect of the applied field on the phase transition, 
definitive measurements of dynamical critical effects should 
be made in zero field. 
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A novel method to quantitatively analyze the domain reversal behavior has been adopted to 
understand the total-thickness-dependent domain reversal behavior in Co/Pd multilayers. The 
wall-motion speed and the nucleation rate were simultaneously determined by analyzing serial 
domain images observed using a real-time domain observation system. Using this method, sensitive 
decrement of the wall-motion speed with increasing total multilayer thickness has been found to be 
responsible for the contrasting reversal behavior in Co/Pd multilayers. © 1998 American Institute 
of Physics. [S0021-8979(98)49211-9] 

I. INTRODUCTION 

Magnetization reversal in magnetic thin films is of inter- 
est for applications as well as fundamental understanding of 
magnetism. The contrasting reversal behaviors in numerous 
systems have been reported to occur by either the nucleation 
dominant process or the wall-motion dominant one.1-4 Inter- 
estingly, the reversal phenomena were found to be very 
strongly dependent on the total film thickness.5'6 These re- 
versal behaviors have been analyzed by the thermally acti- 
vated relaxation model based on the magnetization viscosity 
curve7 and also, compared with the theoretical predictions 
using micromagnetic simulations.8 Recently, we have devel- 
oped a novel method to quantitatively analyze the magneti- 
zation reversal behavior by considering both the nucleation 
and wall-motion processes based on the time-dependent do- 
main patterns.9 In this article, we have applied the novel 
method to investigate the contrasting magnetization reversal 
behavior in Co/Pd multilayers with varying the total 
multilayer thickness. 

II. DESCRIPTION OF THE PRESENT METHOD 

Details of the model have been described elsewhere.9 

Briefly, the model of magnetization reversal is proposed by 
using the time-dependent domain patterns based on circular 
domains. In the model, the reversed domains expand at all 
domain boundaries by the wall-motion speed V and simulta- 
neously, new domains are formed by the nucleation rate R 
per unit time and unit area during the magnetization reversal 
from the initially saturated state. Then, the expansion of the 
reversed domain area da in time dt is given by 

da = lVdt+irr2
0R(s-a)dt, (1) 

where / is the domain boundary length, r0 is the character- 
istic radius of nucleation, s is the total area under examina- 
tion, and a is the area of reversed domains. Similarly, the 
increment of the domain boundary length dl in time dt be- 
comes 

dl = 2irVdt+2Trr0R(s-a)dt. (2) 

Then, the wall-motion speed V and the nucleation rate R are 
explicitly given by 

V=(fl'-r0/'/2)/(/-irr0) 
R = (ll'/2'ir-a')/(l-irr0)r0(s- ■a) 

(3) 

a)Electronic mail: scshin@sorak.kaist.ac.kr 

where a' and /' denote the first derivation of a and /, re- 
spectively. Thus, the wall-motion speed V and the nucleation 
rate R can be simultaneously determined by measuring the 
reversed domain area a(t) and the domain boundary length 
lit). 

A real-time domain observation system has been 
adopted to measure the reversed domain area and the domain 
boundary length during the magnetization reversal. Serial 
domain images of 256 frames with 10 frames per second 
were obtained using a modified magneto-optic Kerr micro- 
scope capable of X 1000 magnification with an objective of 
0.9 N.A. and equipped with advanced digital video process- 
ing. The image, composed of 200 X 160 pixels with the unit 
size of 164X 164 nm, was initially obtained in 256 gray lev- 
els and then, intensified by noise filtering and black-and- 
white image extraction processes. Then, the reversed domain 
area a{t) and the domain boundary length l{t) were deter- 
mined by counting black and white cells, and by edge deter- 
mining algorithms, respectively, for each image at the corre- 
sponding time t. The measurement error due to the 
geometric difference between the theory based on circular 
domains and the observation based on square cells is de- 
creased with increasing domain radius, and does not exceed 
50% for the single pixel domain of 82 nm radius. 

The magnetization reversal behavior of Co/Pd multilay- 
ered system has been investigated. Samples of 
(2 Ä Co/11 ÄPd)„ with varying the number of repeats n, 
were prepared on glass substrates by e-beam evaporation 
under the base pressure of 1.0X10"6 Torr at the ambient 
temperature. The multilayered structure was achieved by al- 
ternatively exposing the substrate to the two e-beam sources 
with typical deposition rates of 0.3 Ä/s for Co and 0.5 A/s 
for Pd. The layer thickness was controlled within a 4% ac- 
curacy by the thickness-control technique using real-time 
thickness measurement.10 

III. RESULTS AND DISCUSSION 

All samples in this study had perpendicular magnetic 
anisotropy and showed Kerr hysteresis loops of unit square- 
ness. Figure 1 shows the hysteresis loops of Kerr rotational 
angles measured at the wavelength of 4000 Ä for the type I 
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FIG. 1. Hysteresis loops of Kerr rotational angle measured at 4000 Ä of (a) 
the type I sample of (2Ä Co/4 Ä Pd)10 and (b) the type II sample of 
(2 Ä Co/4 Ä Pd)23. Coercivities, Hc, are 1.0 and 1.5 kOe, respectively. 

sample of (2 Ä Co/11 ÄPd)10 and the type II sample of 
(2 A Co/11 A Pd)23. The samples have coercivities, Hc, of 
1.0 and 1.5 kOe, respectively. 

In Fig. 2, we show the magnetization viscosity curves of 
types I and II samples under various reversal applied fields as 
denoted in the figures. The curves were measured by averag- 
ing the intensity of the images observed by the microscope at 
low magnification and normalizing by the intensities be- 
tween the initially saturated state and the completely re- 
versed state. The abscissa axis is also normalized by the half 
relaxation time r which is sensitively dependent on the 
strength of an applied field. The normalized curves for a 
given sample are completely coincident with each other, but 
the curves between the samples are quite contrasting. The 
viscosity curve of the type I sample shown in Fig. 2(a) ex- 
hibits initially a slow decay, with accelerated reversal with 
time. This curve has a typical shape of thermally activated 
relaxation, with low nucleation rate and fast domain-wall 
speed.7 In contrast, the type II sample shown in Fig. 2(b) 
exhibits initially a fast decay and then, slow down to an 
equilibrium state. This shape can be interpreted as a typical 
behavior of thermally activated relaxation with large nucle- 
ation rate and slow domain-wall speed. 

Serial domain images of magnetization reversal were 
taken by the real-time observation system under an applied 
field of 0.8 Hc for each sample. Figure 3 shows the typical 

FIG. 3. Typical domain patterns during magnetization reversal of (a) the 
type I sample and (b) the type II sample under reversing applied fields of 
0.8 Hc for the corresponding samples. The number of percent denoted at the 
bottom of each frame is the areal fraction of the reversed domain. 

domain reversal patterns of types I and II samples having the 
same areal fractions of reversed domains. The areal expan- 
sion by the wall-motion process is clearly observed in the 
type I sample as shown in Fig. 3(a), while the stripe growth 
by the nucleation process is seen in the type II sample as 
shown in Fig. 3(b). 

Quantitative analysis on the contrasting reversal behav- 
iors of these samples were carried out. The reversed domain 
area a{t) and the domain boundary length l(t) measured 
from the domain reversal patterns of types I and II samples, 
are plotted in Fig. 4. The lines with squared symbols in each 
plot of Fig. 4 show the reversed domain area a(t) and they 
are very consistent with the magnetization viscosity curves 
shown in Fig. 2. 
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FIG. 2. Viscosity curves under several reversing applied fields for (a) the 
type I sample and (b) the type II sample. The curves were normalized by the 
maximum Kerr intensity and the half relaxation time T. 
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FIG. 4. Plots of the fractional area of reversed domain a(t)/s and the do- 
main boundary length l(t), with respect to time t, measured from the do- 
main images during the magnetization reversal under the applied field of 
0.8 Hc for (a) the type I sample and (b) the type II sample. 
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TABLE I. The mean values of the wall-motion speed V, the nucleation rate 
R, and the ratio V/R of the first 20% of reversal under an applied field of 0.8 
Hc for types I and II samples. 

Sample ID 
V 

(/xms-1) 
R 

(/jm^s"1) 
V/R 

(^m3) 

Type I 
Type II 

1.34 
0.06 

0.41 
0.08 

3.27 
0.74 

The wall-motion speed V and the nucleation rate R of 
each sample were determined by using the present method. 
The first derivatives a'(?) and Z'(f) in Eq. (3) were obtained 
by the finite-difference method11 and the characteristic radius 
r0 was set to 82 nm corresponding to the pixel size of our 
observation. The values of wall-motion speed V, the nucle- 
ation rate R, and the ratio V/R of types I and II samples, are 
listed in Table I. It is quite understandable that the wall- 
motion speed of the wall-motion dominant sample of type I 
is larger than that of the nucleation dominant sample of type 
II, but it is unexpected that the nucleation rate of the type I 
sample is found to be also larger than that of the type II 
sample. However, the reversal behavior is determined by a 
counterbalance between the wall-motion process and the 
nucleation process, and the change in the wall-motion speed 
between the samples is quite a bit larger than the change in 
the nucleation rate: the wall-motion speed decreases more 
than a factor of 20, while the nucleation rate decreases only 
a factor of 5. Thus, the type I sample shows wall-motion 
dominant reversal with a large ratio of 3.27 between the 
wall-motion speed and the nucleation speed, while the type 
II sample exhibits nucleation dominant reversal with a small 
ratio of 0.74. Therefore, one might conclude that the con- 
trasting reversal behavior in this system is caused by the 
sensitive change in the wall-motion speed overcoming the 
nucleation rate. 

It is worthwhile to note that the present result is quite 
contrastive compared with the previous one in Ref. 9: the 
contrasting reversal behavior in Co/Pd multilayers having a 
different thickness of the Co sublayers with a fixed number 

of repeats was caused by the change in the nucleation rate. 
The previous result was understood to be caused by the 
change in the magnetic properties among the samples of dif- 
ferent Co-sublayer thickness, but the present result is prob- 
ably dominated by the change in the wall-pinning effect due 
to the different structural irregularities between the samples 
of different total multilayer thickness. 

IV. CONCLUSION 

A novel method to quantitatively analyze the magnetiza- 
tion reversal behaviors of magnetic films has been adopted to 
investigate the reversal behavior of Co/Pd multilayered 
films. The wall-motion speed and the nucleation rate were 
simultaneously determined from serial domain images cap- 
tured by a real-time domain observation system. With in- 
creasing total thickness in the Co/Pd multilayered system, 
the wall-motion speed was much more sensitively decreased 
than the nucleation rate. Thus, it could be concluded that the 
contrasting reversal behavior observed in this system is 
mainly caused by the variation in the wall-motion speed. 
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A microscopic theory is employed to investigate the spin wave spectra in metamagnetic materials 
that consist of ferromagnetically ordered layers, with the intralayer ferromagnetic exchange 
interactions being much stronger than the weak antiferromagnetic interaction between adjacent 
layers.   © 1998 American Institute of Physics. [S0021-8979(98)29911-7] 

Theoretical and experimental studies of surface spin 
waves in ordered magnetic materials have been the focus of 
considerable interest for many years. Many of these works 
have been concerned with the spin wave properties, at the 
low-temperature regime, of Heisenberg ferromagnets and an- 
tiferromagnets, mainly in terms of their dispersion relations, 
thermodynamics, and Green functions (for a review see Refs. 
1-3). Besides, as a result of recent advances in fabrication 
techniques, spin wave excitations in magnetic superlattices 
of impressive quality have been also extensively studied by 
considering the nature of the solutions for the appropriate 
wave field in each film. They are then linked together 
through appropriate boundary conditions and with the assis- 
tance of Bloch's theorem. The surfaces and interfaces in 
these layered structures play an important role in the proper- 
ties of the entire system and, indeed, most of the interesting 
properties of these excitations are due to the surface and 
interface effects.4-7 

In this article we extend previous studies in this subject 
by considering the propagation of surface spin waves in 
metamagnets which present nonuniaxial anisotropy. The 
metamagnetic materials consist of ferromagnetically ordered 
layers, with the intralayer ferromagnetic exchange interac- 
tions being much stronger than the weak antiferromagnetic 
interaction between adjacent layers. We consider also the 
presence of a weak external magnetic field H applied per- 
pendicular to the layers. In the regime of low temperatures 
and for small values of an external magnetic field H the 
adjacent layers of the metamagnet material order are antipar- 
allel to one another, giving the antiferromagnetic (AFM) 
phase. On the other hand, for larger H, enough to overcome 
the interlayer antiferromagnetic coupling, the overall order- 
ing is ferromagnetic (FM phase). The spin wave analysis is 
more straightforward in this case since the direction of net 
spin alignment is the same on both sublattices (this case is 
not treated here). 

We consider that the metamagnet has single-ion aniso- 
tropic energy. This is a fine structure energy of an ion under 
the influence of the crystalline electrical field, to which the 
spin-orbit coupling and intraatomic magnetic interactions 
among the spins contribute. The forms of the anisotropic 
spin Hamiltonian is determined from the point symmetry 

around the ion, and is assumed to be a function of the direc- 
tion cosines of the magnetization vector M with respect to 
the crystallographic axes. In the absence of an external mag- 
netic field, M lies in the direction in which the free energy is 
minimal. This direction is called the axis of ' 'easy'' magne- 
tization, and usually we call the related anisotropic field as 
uniaxial ("easy-axis") single-ion anisotropy. When an exter- 
nal magnetic field is applied, the magnetization vector devi- 
ates to a new direction at which the torque exerted by the 
external magnetic field balances the torque originating in the 
anisotropic energy. Thus a nonuniaxial ("easy-plane") 
single-ion anisotropy component appears. We take into ac- 
count in this article both types of anisotropic field. 

Rather than using a "continuum" approximation, as was 
done in a recent paper8 dealing with some nonuniaxial ef- 
fects in magnetic superlattices, we develop here a micro- 
scopic theory, taking into account surface effects in a semi- 
infinite metamagnet that has a (001) surface and occupies the 
half space z>0. The method of calculation is the same as the 
one presented in previous papers.9'10 

The spin Hamiltonian for nonuniaxial metamagnets can 
be written as:10'11 

#=E ^(Si-Sj+cr^p-yS y;.,(S|.S,' + tr'5^,) 
2 Tf> 

1 
- 2 2 4,(srs;+«7's;

z4)+/jz+//A,       (i) 
hi' 

where the Zeeman Hamiltonian is given by 

H=-gpBH 2^+2^ , (2) 

and the anisotropic Hamiltonian is expressed by 

HA=-D^2 (^)2+2 (SJ)2)-F(S (S*)2-(SJ)2 

-WS(^)-(S})2). (3) 

Electronic mail: ela@dfte.ufrn.br 

We  suppose  plane-wave  solutions  of the  type S* 
= 5„(A;||)exp[/(krp-(w?)] and .S7 = r„(fc||)exp[i(k|rp-<u0] 
where n stands for the layer index. Using these assumptions 
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in the Heisenberg equation for the spin operator S? , with 
h= 1, we get the following set of coupled equations for the 
spin wave amplitudes: 

for n = 1: 

[£_ + (! + cr)Sv{0)]sl-Sv(kll)s2 + 2FSyulri = 0, (4) 

l/2„  _r [E- + (l+a)Sv(0)-2<o]rl-Sv(kl])r2 + 2FSvlusl = 0; 
(5) 

for n = 2m+ 1; l = i: 

E_s2m+l-Sv{k]])s2m+2-Sv(-kll)s2m + 2FS7/mr2m+l = 0, 
(6) 

(7) 

(E--2w)s2m+l-Sv(kll)S2m+2-Sv(-k]])S2m 

+ 2FSV
mr2m+l = 0; 

for n = 2m; l=j: 

E+s2m-Sv(kll)s2m+1-Sv(-kll)s2m-l-2F'S7jmr2m = 0, 
(8) 

(9) 

[E+-2w]r2m-Sv(kll)r2m + 1-Sv(-kll)r2m^1 

+ 2FSV
ms2m = 0, 

where E± = (o-g/uiBH±E0±2(l + a)Sv(0), E0 = E0(k{l) 
= gfiBHA + (l+a')Su(0)-Su(kll), and we have defined 
the Fourier transforms of the intralayer bulk exchange inter- 
action by 

"(*i) = E Al' explÜMri-r,')] 
i 

= X J'jf exp[ikr(rj-rjO], (10) 

while for the interlayer exchange interaction we consider 

U(&II) = 2 Jij exp(!'kr^), (ID 

where £is a vector joining the i sites in layer n to that j sites 
in layer n + 1. After a tedious algebraic manipulation of these 
equations, we get the following matrix set of equations: 

(12) {A + k1)F=®G, 

(A* + Af)G = e*F. (13) 

Here F and G are infinite-dimensional column matrices, 
whose elements are specified by Fm = s2m and Gm = r2m. 
Also, A is a trigonal matrix given by 

A = 

d -r"1 0 0 

- T d -T-1 0 

0 -T d _T-1 . 

0 0 — T d 

(14) 

while the matrix © = 81+ A2(6* = 5*/+ A2), where / is the 
identity matrix. The matrix A,- (i= 1 or 2) describes the per- 
turbing effect of the surface, and is expressed by 

(ki)m,m'-kiömil8m,A;    1-1,2. (15) 

The surface spin wave equation corresponds to 

det(/-@*-1Af@-1A1) = 0, 

where 

A^A + Aj;    A?=A* + Af, 

(16) 

(17) 

-2 

(18) 

(19) 

whose solutions are 

[(£i-f6)(r+0)-&&+(*-AO6£4+6 

-gt^(T-gt)]-M = 0, 

where 

s= — Tb;    t=T2a, 

h=-T~xb 

r=l-2a-c;    ß=k2a/(S+A2). 

In all these matrix equations, the terms d, T, 5, <5*, A,-, A* 
(i=l or 2), and £,- (7 = 1-5) are complicated expressions 
involving the physical parameters of the metamagnet mate- 
rials. Their full algebraic expressions can be found 
elsewhere.12 Also, M is the determinant: 

r h g 0 0 0 

s r h g 0 0 

f   5   r  A  g  0 

0    r    5    r   h   g 

0   0   t   s   r  A 

M = (20) 

If we choose M + 0, the surface spin-wave dispersion 
relation is then given by the first term of Eq. (18). 

On the other hand, the bulk spin-wave dispersion rela- 
tion can be found using the ansatz M-u = 0, where u is a 
column matrix with elements u{n) representing a mode am- 
plitude. Then, 

tun-2 + sUn-i + ru„ + hun + l + gun + 2 = 0. (21) 

By choosing the solutions such that u{n)=axn (for x un- 
known), using the definitions of a, b, and T, and denoting 
y=rx, we get 

a(y2 + y-2)-b(y+y-l)=-T. (22) 

This is a fourth-degree equation for y. The roots of this 
equation, together with the assumption that x = exp(2ikzc0), 
where 2c0 is the distance between even (or odd) adjacent 
layers, yield the following bulk dispersion relations: 

1 
cos(2kzc0) = — (± J(d+d*)2 + 4(dd*-88*)+l6 

+ (d+d*)). (23) 

Equation (23) is an implicit dispersion relation. It can be 
obtained by supposing that the roots of Eq. (22) occur at 
pairs, and that the pairs are complex conjugate one of the 
other. In compact form they can be written as 

[T cos{2kzc0)]2-(d+d*)T cos(2kzc0)-(dd*- 8S*)-4 

= 0. (24) 
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FIG. 1. Crystallographic arrangements of Fe2+ ions (solid circles) in the 
ferromagnetically ordered layers for FeBr2 and FeCl2. The nearest and next- 
nearest intralayer neighbors to the ion labeled 1 are those labeled 2 and 3, 
respectively. The crosses and open circles represent the positions of the ions 
in the adjacent layers above and below the planes for FeCl2. 

The solutions of the above expression give the bulk 
modes for the spin waves, and they are valid in the antifer- 
romagnetic phase. 

We now apply the surface and bulk (for completeness) 
dispersion equations to determine the spin-wave spectra for 
the specific cases of FeBr2 and FeCl2. They have their crys- 
tallographic arrangements of magnetic ions as depicted in 
Fig. 1. Both materials have the same trigonal arrangements 
of magnetic Fe2+ ions within each ferromagnetically ordered 
layer. They differ, however, in the stacking arrangements of 
the layers. In FeBr2, the Fe2+ ions in one layer are vertically 
situated above and below those in the adjacent layers, al- 
though in FeCl2 the layers are staggered with respect to one 
another. The crosses and open circles in Fig. 1 represent the 
positions of the ions in the adjacent layers above and below 
the planes. 

Figure 2 shows the dispersion relation for bulk and sur- 
face spin waves in FeBr2 in the AFM phase. We take as the 
applied magnetic field g/xBH= 1.6 cm"1. We plot the fre- 
quency Co (in units of 10 cm-1) against kxa (here we consider 
k\\ = kx). The physical parameters used here are those de- 
scribed in Ref. 10, with the nonuniaxial anisotropic field F 
= F' = 2 cm-1. Comparison of this spectrum with those in 
which there is no nonuniaxial component of the anisotropic 
field (Fig. 2 in Ref. 10) shows that the bulk band is now split, 
giving rise to two separated bands limited by the curves 
kza = 0 and kza = TT. Besides, there are also two well defined 
surface modes (shown by the dashed lines) below and be- 
tween these bulk bands. The inset gives a better insight into 
this situation (observe that the bulk bands are shown as 
shaded). 

FIG. 2. Dispersion relations of bulk (shaded areas) and surface (dashed 
lines) spin waves in FeBr2 in the AFM phase as a function of the in-plane 
wave vector kxa for the applied magnetic field g/xBH= 1.6 cm-1. 

The spin-wave spectra for the FeCl2 metamagnet (not 
shown here) is qualitatively quite the same of that for FeBr2, 
but the low-frequency surface branch is very close to the first 
bulk band. This fact, which is due to their different crystal 
structure, presents an additional difficulty in probing this 
mode experimentally. 

Appropriated experimental techniques for studying the 
spin-wave spectrum in metamagnets would include light 
scattering spectroscopy of the Raman and Brillouin types 
and magnetic resonance. For FeBr2, the light scattering tech- 
nique may be more suitable, since our theoretical predictions 
indicate that at least one branch (the low-frequency one) of 
the surface spin waves is well separated in frequency (even 
in the absence of the nonuniaxial anisotropic field) from the 
bulk modes. 
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Anomalous thermal behavior on the EPR linewidths of Gd impurities diluted in Ce compounds has 
been observed. In metals, the local magnetic moment EPR linewidth, AH, is expected to increase 
linearly with the temperature. In contrast, in Ce^Laj _^Os2 the Gd EPR spectra show a nonlinear 
increase. In this work, the mechanisms that are responsible for the thermal behavior of the EPR lines 
in Ce^.La1_A.Os2 are examined. We show that the exchange interaction between the local magnetic 
moments and the conduction electrons are responsible for the narrowing of the spectra at low 
temperatures. At high temperatures, the contribution to the linewidth of the exchange interaction 
between the local magnetic moments and the Ce ions has an exponential dependence on the 
excitation energy of the intermediate valent ions. A complete fitting of the EPR spectra for 
powdered samples is obtained.   © 1998 American Institute of Physics. [S0021-8979(98)39911-9] 

I. INTRODUCTION 

During the last two decades Ce compounds have been 
extensively studied and many of them show anomalies typi- 
cal of intermediate valence systems.1 Electron paramagnetic 
resonance (EPR) spectra of magnetic ions diluted in Ce com- 
pounds allow us to study locally the influence of the inter- 
mediate valent Ce ions. In normal metals, the thermal behav- 
ior of the local moments EPR linewidth, AH, is linear and 
described by the Korringa mechanism.2 In contrast, in 
Ce^A!_^Pd3 (A=Ag, Y) and Ce^La,_xOS2 the Gd spectra 
shows a nonlinear increase of AH in the temperature range 
4.2<7<300K, and a strong dependence on the Ce 
concentration.3'4 At low temperatures (T) the slope 
d(AH)/dT is smaller than in the isostructural non-IV com- 
pounds MPd3 (M=Sc, Y, La)5 and LaOs2,4 however, at high 
temperatures the resonance line is strongly broadened and 
the slope asymptotically approaches the value measured on 
them. Then, to describe this abnormal behavior of linewidth 
other mechanisms different from the Korringa are necessary. 

It was demonstrated6 that at high temperatures, the indi- 
rect exchange interaction between the local magnetic and the 
Ce 4/ electrons has an appreciable contribution to the line- 
width of the magnetic impurities at high temperature. The Ce 
interconfigurational fluctuations are transferred via the 
Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction to 
the Gd site as an effective alternating magnetic field, which 
relaxes the Gd spins. However, this mechanism is not suffi- 
cient to describe the low temperature behavior of the Gd 
linewidth. It is well known7'8 that the Gd EPR spectra shows 
a resolved fine structure at low T, which is narrowed due to 

a)On leave from Departamento de Fisica, Universidade Estadual Paulista, 
Av. Engenheiro Luiz E. Coube S/N, 17033-360 Bauru-SP, Brazil. 

the exchange interaction between local magnetic moments 
and conduction electron when the temperature is increased. 
Then, for the correct description of the thermal behavior of 
the Gd spectra it is necessary to include not only the inter- 
mediate valence effects but also the narrowing mechanism. 
The goal of this work is to calculate the EPR spectra of Gd 
diluted in Ce^Laj ^^Os2 including the both mechanisms. 

II. THEORETICAL ANALYSIS 

To obtain the EPR absorption, the transverse dynamic 
susceptibility of the local magnetic moments coupled to the 
conduction electrons is necessary. The susceptibility, includ- 
ing the crystal field interaction, can be obtained using the 
projector formalism in the Liouville space.9 Normally the 
EPR experiments are performed at a concentration that the 
conduction electrons static susceptibility is much smaller 
than those of the local moments, then, in this approximation, 
the susceptibility for the system in the nonbottleneck regime 
can be written as follows 

X+(o>)~l- <o0 2 
M,M' 

PM(^
1
) MM' (1) 

where fl~ M, is the transition matrix, the quantum numbers 
M and M' describe the various Zeeman states (M,M' 
= -S,-S + I,...,S-l) associated to the S = 7/2 Gd spin 
and PM are transition probabilities associated to the 
M<->M+ 1 transition and can be written as: 

PM 
— CM 

exP 
Mho)Q IkT 2c 

M 
M' exP 

M' hitiqlkT (2) 

where CM = S(S+\)-M{M+\) and k is the Boltzmann 
constant. The elements of the transition matrix for kT large 
compared    to    ho)0    are    expressed    by    the    formula 
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QM,M'-(hMo/8M>B~H-HM)SMtM,-iAHresSMjtf, 

1 
_' 2      M 'M'_   M>M' 

~ ^M,M' + l~ ^M,M'-l)> (3) 

where w0 is the microwave frequency, H is the variable ex- 
ternal magnetic field, AHres is the temperature independent 
residual linewidth of the various fine structure lines, b is the 
Korringa parameter, /xB is the Bohr magneton, and HM is the 
resonance field of the Gd M—>M+1 transition. As we can 
see, the transition matrix is a tridiagonal matrix where the 
diagonal elements contain the linewidth of each resonance 
line and the resonance field. The upper and lower diagonals 
terms represent the fluctuation rates of the local moment be- 
tween two consecutives resonance frequencies. 

In a cubic environment the fine structure spectra is given 
by 

1500 

H(±l^±l) = H0+(l-5<f>)b4 

ff(±!~±f) = 
H{±\< 

-H0±(l 

■H0±(l 

-5<f>)b4 

-5<f>)b4 

(4) 

l) — Hn H(+ 2*->- i;--"0' 

where b4 is the crystal field parameter for the Gd ion, </> is 
given by 

</>= sin2 6 cos2 0+sin4 6 cos2 <p sin2 6 (5) 

and 6 and <p are spherical coordinates of the applied mag- 
netic field H with respect to the axes of the crystal. 

As it was shown previously,7'8 for the LaSb:Gd and 
CePd3 :Gd, the spin-spin interaction between Gd ions has an 
important role in the calculation of the resonance spectra. In 
both cases was found that when the spin-spin interaction is 
not taken into account the narrowing in the theoretical spec- 
tra occurs at higher temperatures than in the experiment, the 
transition 1/2<-> 1/2 does not appear in the theoretical spectra 
in the intermediate temperature range, however, it appears in 
the experiment, and the experimental linewidth of the single 
line at high temperatures is smaller than the calculated one. 
The discrepancies between theory and experiment can be 
overcome by introducing this interaction. Unfortunately, no 
theoretical calculation which takes spin-spin interaction into 
account exists at present. We shall introduce the spin-spin 
interaction in a phenomenological way.7'8 This can be done 
by adding to the transition matrix elements the term: 

n MM' 

Hex v>[iex 

'M "M 
JMM' (6) 

where Hex is the exchange-field parameter. The transition 
matrix has some properties that must be satisfied for this 
additional term. First, PM lm(flMM,) are the elements of a 
negative-definite symmetric matrix. This guarantees a posi- 
tive energy absorption. Second, as the total spin commutes 
with the exchange Hamiltonian, the relation 2MflMM/ = 0 
must hold. Since these two requirements are satisfied, we can 
believe that the additional term for the transition matrix de- 
scribes the main effects of the spin-spin interaction. Because 
of the random distribution of the Gd ions, it is realistic to 
assume a distribution of Hex. For the present calculations we 
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FIG. 1. Temperature dependence of the Gd linewidth for selected values of 
concentration x in CeiLa1_jrOs2. The full lines represent the theoretical 
results. The residual linewidths are not realistic and the data has been shifted 
to avoid curve overlap. 

use a slightly modified Lorentzian distribution for the ex- 
change field with a maximum at Hex = 0. The mean exchange 
field amounts to about 95 G and the distribution function was 
cut off at 1500 G. 

III. THE LINEWIDTH 

In our metallic host the impurity EPR linewidth calcula- 
tions must consider the energy transfer between the impurity 
spin S, the spin of the host rare earth ions (Ce), the spins of 
the conduction electrons as well as the lattice, in the presence 
of static external magnetic field and a small alternating field. 
In the present work we shall assume that the system is in the 
unbottlenecked regime, i.e., the conduction electrons and the 
host magnetic ions are in equilibrium with the lattice. In 
addition we shall assume that the transverse susceptibility 
associated with the impurity at the impurity resonance fre- 
quency is much larger than those of the other spin systems at 
the same frequency. In this limit one can consider only the 
transverse magnetization, Mx, of the impurities and neglect 
the interaction of the rf field with the magnetic host ions and 
the conduction electrons. In other words, the magnetic host 
ions and the conduction electrons are "passive dissipative 

TABLE I. Obtained parameters b,b4,A,Eex that fit the linewidth thermal 
behavior for Gd diluted in Ce^La! _;tOs2. Eex (expt.) is the experimental 
value of Eex to be taken as a comparison. 

x b[G/K]        b4[G]        A[G]        Eex (theor.)       Eex (expt.) 

500 1.0 1.07 4.8 10 200 670 
0.95 ■ 1.32 10.6 10 150 684 
0.9 3.5 9.0 9800 1243 



6960        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 

systems." With these assumptions the impurity linewidth 
can be expressed as: 

Mi=äHres + bT+LlF, (7) 

where AHres is the residual linewidth, b is the usual Kor- 
ringa contribution, originated from the impurity-conduction- 
electron exchange interaction, and A/F is the impurity line- 
width due to the exchange interaction with the Ce host ions.6 

The last contribution arises from the RKKY coupling be- 
tween the Ce and Gd ions, which transfers the Ce fluctua- 
tions to the Gd site. Ce ions fluctuate between the 4/° and 
the 4/1 configurations. If we assume the 4/° configuration as 
the ground state (with /z = 0), the contribution of the excited 
4/1 configuration to the impurity linewidth can be written as: 

A/F=Ae-£"/r, (8) 

where Eex is the energy required to delocalize a single elec- 
tron from the Ce 4/1 configuration and A is an adjustable 
parameter defined in Ref. 6. 

The resonance absorption P is calculated using the rela- 
tion P = [Re(x+(w))-Im(x+(«))]. To obtain the EPR line- 
width of the powdered samples we have to integrate the ab- 
sorption over all directions of the magnetic field. 

IV. RESULTS AND DISCUSSION 

Using the results above we calculate the total linewidth 
of the Gd resonance. Figure 1 shows the calculated and ex- 
perimental linewidth of a CeA.La1_xOs2 powdered sample, as 
a function of temperature for selected concentrations of Ce. 
The residual linewidth is sample dependent and it was not 
considered in the plot. To fit the data we adjust the param- 
eters b, b4, A, and Eex using the Monte Carlo simulated 
annealing. With this technique it is possible to obtain more 
accurate results than previous calculations with conventional 
methods.6"8 Comparing our theoretical results with the ex- 
perimental data we can see that in all of the cases we got an 
excellent fit. According to our model, at low T the main 
contribution to the linewidth is originated in the usual Kor- 
ringa mechanism and the exchange narrowing effects. At 
high temperatures the population of the excited Ce 4/1 con- 
figuration is increased, and the exponential contribution 
given by A/F is the most important. The parameters used to 
fit the experimental data are shown in Table I. The analysis a 
priori of the exchange narrowing effects in this system is not 
easy because there do not exist a single crystal spectra to 
obtain by a direct measure the crystal field parameter, how- 
ever, if we look for the spectra of Ce0 8Lao 20s2 in Fig. 1 (a) 
of Ref. 4 we can see clearly that the Dysonian type line does 
not fit the experimental result. The experimental spectra 
shows the typical broadening at low T due to the fine struc- 
ture contribution, and these effects tend to be more important 
in higher Ce concentrations.8 If we compare the exchange 
narrowing effects for the present case with that in CePd3 

(Ref. 8) certainly the exchange narrowing effects are less 
important in the former one, due to the smaller crystal field 
parameter. Otherwise, its contribution is more important at 
lower temperatures than in CePd3 because the higher Kor- 
ringa parameter values collapse the spectra at lower tempera- 
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tures. It is necessary to point out that the minimization re- 
sults show clearly a nonzero value for the crystal field 
parameter which reflects the importance of this mechanism. 
On the other hand, looking for the intermediate valence 
mechanism, the effect of the Ce concentration at high tem- 
perature seems clear. The increase in the excitation energy 
value when the Ce concentration is reduced agree with the 
interconfigurational fluctuation model.10"13 This model pre- 
dicts an increasing on the excitation energy when we cross 
from the intermediate valence to the magnetic regime. On 
the other hand, the A value depends on the strength of the Ce 
fluctuation spectra and we can expect an increase with the Ce 
concentration. The small values of b obtained for high Ce 
concentrations (when compared with those of LaOs2) agree 
with the experimental results of Ref. 4 at low T, with the 
prediction of the "hybridization hole" model3 for Gd diluted 
in CePd3 powdered sample and with that obtained in Ref. 8 
for the monocrystalline spectra of the same compound. This 
result agrees also with that obtained by Hirst12 for low T, but 
not with the result obtained in Ref. 14, which predicts a 
higher value for b. However, the thermal behavior of the 
linewidth obtained by the latter authors agrees, at least quali- 
tatively, with that obtained here. It is important to observe 
that in contrast to the hybridization hole model, here we have 
supposed a constant density of states as in a normal metal. 
The nonlinear contribution to the linewidth, at high T, ac- 
cording with the present model, is originated in the exchange 
interaction of the magnetic impurities with the Ce ions. 

In conclusion, our calculations using the intermediate 
valence and exchange narrowing mechanism permit a quan- 
titative description of the thermal behavior of Gd linewidths. 
Note that the values obtained for the excitation energy are, 
within the experimental error, close to that founded by Se- 
reni et al.15 The agreement with experimental results sup- 
ports our interpretation. 
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Magnetization as a function of field was measured in pulsed fields of up to 40 T at various 
temperatures along the principal axes of single crystal Nd3Co. Along the a axis we observed 
metamagnetic transitions at fields of 1.9 and 4.5 T at 4.2 K. We also observed a sharp increase in 
the magnetic moment in applied fields between 9.5 and 14 T. Along the b axis a metamagnetic 
transition was observed at a field of 1.5 T at 4.2 K. Along the c axis we observed ferromagnetic 
behavior. The H-T (magnetic field and temperature) phase diagram was obtained using a 
superconducting quantum interference device magnetometer. © 1998 American Institute of 
Physics. [S0021-8979(98)51411-9] 

I. INTRODUCTION 

The intermetallic compounds, R3Co (R: rare earth metals 
except Ce), crystallize in the orfhorhombic Fe3C-type struc- 
ture (space group Pnma) in which R occupies two non- 
equivalent very low symmetry crystallographic sites, i.e., Ac 
(point group m) and Sd (point group l).1-5 In our previous 
study6 (of electrical resistivity, magnetic susceptibility and 
specific heat measurements), it was reported that Nd3Co has 
three magnetic transitions at low temperatures (spin reorien- 
tation temperatures TR1 = 8 K and TR2= 13 K, and Neel tem- 
perature 7^=2510. We also reported two field induced 
metamagnetic transitions along the a axis (transition fields of 
Hal = 1.8 T and Ha2 = 4.5 T) and one transition along the b 
axis (transition field Hb=\.9T) below 7 T at 1.5 K. We 
proposed a canted magnetic structure to explain the complex 
magnetization process in Nd3Co.6 However, a field of 7 T is 
not enough to achieve the saturation moment. Thus we have 
measured the high field magnetization in a pulsed magnetic 
field of up to 40 T at various temperatures. Since there are 
many magnetic phases in Nd3Co, we aim to determine a 
magnetic phase diagram for the a axis in applied magnetic 
fields of up to 5 T and for temperatures down to 5 K. In this 
article we report the saturation moments and the magnetic 
phase diagram. 

II. EXPERIMENT 

A single crystal of Nd3Co was obtained by the Bridgman 
method with an alumina crucible in a high vacuum quartz 
tube. Details of the sample preparation are described in Ref. 
7. The magnetization curves were obtained in pulsed mag- 
netic fields of up to 40 T at 4.2, 12, 19, and 30 K along the 
principal axes of the orthorhombic structure. The magnetiza- 
tion curves in fields up to 5 T were measured by a supercon- 
ducting quantum interference device (SQUID) magnetometer 

at various temperatures. The temperature dependencies of the 
magnetic susceptibilities were measured by means of vibrat- 
ing sample magnetometer (VSM). 

III. RESULTS AND DISCUSSIONS 

We measured the temperature dependence of the mag- 
netic susceptibility along the a, b, and c axes in the tem- 
perature range from 4.2 to 300 K under a constant field of 1 
T. Figure 1 shows a part of the susceptibilities. Above 150 K 
the susceptibilities obey the Curie-Weiss law and the para- 
magnetic Curie temperatures 6a, 6b, and 6C along the a, b, 
and c axes were estimated to be 39.4, 28.7, and 34.6 K, 
respectively. The effective magnetic moments along the a, 
b, and c axes are 3.64, 3.60 and 3.60 fiB, respectively. 
These values are in good agreement with the expected values 
3.62 ßB from the trivalent Nd ion. This suggests that the 
cobalt has no magnetic moment. It is difficult to determine 
the crystalline field parameters from the anisotropy in mag- 
netic susceptibility because there are too many parameters 

"'Electronic mail: sato@physics.sci.ynu.ac.jp 

40 60 
Temperature (K) 

FIG. 1. Temperature dependence of the magnetic susceptibility of Nd3Co in 
an external field of 1 T over the temperature range 4.2-100 K. The inset 
shows the temperature dependence of the magnetization at various magnetic 
fields obtained using a SQUID. 
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FIG. 3. Magnetization curve along the b axis in fields up to 40 T at 4.2, 12, 
19, and 30 K in Nd3Co. 

related to the low symmetry sites denoted by monoclinic m 
and triclinic / point symmetry. The reciprocal susceptibility 
deviates from the Curie-Weiss law below 150 K. This de- 
viation may be due to higher order crystalline electric field 
parameters in the Hamiltonian.8 The inset shows in detail the 
temperature dependence of the magnetization at various 
magnetic fields. TRl, TR2, and TM are the critical points in 
the thermomagnetic curves. 

Figure 2 shows the magnetization curves along the a 
axis at various temperatures. Metamagnetic transitions with 
hysteresis are seen in fields of 1.9 and 4.5 T at 4.2 K. These 
transitions are due to the reversals of antiferromagnetic com- 
ponents along the a axis of the canted moments in the Ac 
and Sd sites. We also observe a sharp increase in magneti- 
zation in the field range from 9.5 to 14 T at 4.2 K. The 
increase in moment is 0.4 (JLB /Nd ion. This is not due to a 
metamagnetic transition. This phenomenon originates from 
the sign of the second and fourth order anisotropic constants 
such as is seen in the magnetization along the (111) direction 
in Fe metal or along the hard axis in Tb metal.9 At 12 K, we 
found that a metamagnetic transition shifts to about 3 T, as 
well as 1 T at 19 K. The saturated moments, Ms, at 4.2, 12, 
and 19 K are estimated to be 2.82, 2.73, and 2.66fiB/Nd 
ion, respectively. The value of saturation magnetization Ms 

extrapolated to 0 K is 2.87 fiB/Nd ion, which is obtained by 
means of the l/H2 law. This value is 88% of the free ion 
value of 3.27 fiB /Nd ion. This is a result of the strong mag- 
netic anisotropy due to the crystalline electric field effect in 
this compound. 

Figure 3 shows the magnetization curves along the b 
axis at various temperatures. A metamagnetic transition with 
hysteresis occurs at 1.9 T at 4.2 K. This transition is most 
likely due to reversal of the antiferromagnetic component 
along the b axis of the Nd ion in the Sd site. The transition 
fields decrease with increasing temperature. The saturated 
moments at 4.2, 12, 19, and 30 K are estimated to be 2.57, 
2.52, 2.49, and 2.32 /u,B /Nd ion, respectively. The value of 
saturation magnetization along the b axis extrapolated to 0 K 

is about 2.57 /x,B/Nd ion. This value is 78% of the free ion 
value 3.27 fiB/Nd ion. 

Figure 4 shows the magnetization curves along the c 
axis at various temperatures. These magnetization curves 
suggest that the resultant magnetic moment along the c axis 
is the ferromagnetic. The Nd moments on both the Ac and 
Sd sites have ferromagnetic components in this direction. 
The saturated moments Ms at 4.2, 12, 19, and 30 K are 
estimated to be 2.34, 2.34, 2.32, and 2.27/zB/Nd ion, re- 
spectively. The value of saturation magnetization along the c 
axis extrapolated to 0 K is 23A/nB/Nd ion. This value is 
71% of the free ion value. This value is the most suppressed 
one among those of the three principal axes. This suppres- 
sion of the saturation moment on all three axes indicates the 
easy axis of this crystal is not one of the principal axes on 
either of the two nonequivalent sites. 

In order to determine a magnetic phase diagram, for the 
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Ill, respectively. Phase II is a state in which ferromagnetic 
and antiferromagnetic components coexist along the a axis. 
The states of phases III and IV are unknown. Phase V is also 
a state in which ferromagnetic and antiferromagnetic compo- 
nents coexist along the a axis, however it is different from 
phase II. Phase VI is a field induced ferromagnetic state. 
Neutron diffraction measurements in a magnetic field are 
needed to clarify each magnetic state and we are currently 
undertaking such a study. 
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field of up to 5 T by SQUID magnetometer. Figure 5 shows 
the H-T phase diagram along the a axis, which obtained 
from the critical temperatures denoted TR1, TR2, and TM in 
the inset of Fig. 1 and the critical fields Hcl, Hc2, and H'c2 

in Fig. 2, respectively. The three transitions made by means 
of the specific heat measurement6 in zero magnetic field 
mentioned above are denoted as triangles in Fig. 5. In phase 
I, there is a ferromagnetic component along the c axis and 
antiferromagnetic components along the a and b axes, re- 
spectively. Above Hcl the metamagnetic transition occurs. 
Above H'c2 and Hc2, the second and third metamagnetic 
transitions occur along the a axis, denoted as phases II and 
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Evolution of magnetism in Nd(Co1_xSix)2 and Ho(Co1_xSix)2 
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We report on a comparative study of the effects of Si doping and of external pressure on magnetism 
and related phenomena in Nd(Co!_xSix)2 and Ho(Co1_xSi^)2 compounds. The lattice volume in 
the Ho system is almost composition invariable for x up to 0.1, whereas an increase of «6% is 
observed in the Nd system. Si substitutions for Co cause a dramatic increase of Tc in the Ho system 
for x« 0.075 and a gradual reduction of Tc in Nd analogs, whereas the Co moment becomes 
suppressed for x>0.05 in both cases. Negative pressure effects both on Tc and the Co magnetic 
moment, although quantitatively different, are found in both systems. Expected changes of 
electronic structure and their influence on the hierarchy of exchange interactions and formation of 
the Co moment are discussed.   © 7998 American Institute of Physics. [S0021-8979(98)40011-2] 

Co magnetism in RECo2 (RE=rare-earth element) com- 
pounds is frequently studied with respect to the itinerant 
electron metamagnetism.1"3 Materials with rare-earth atoms 
without 4/ electrons, YCo2 or LuCo2 serve as archetypes of 
spin-fluctuation systems with a high Tsf and a nonmagnetic 
ground state. Magnetic fields above 60 T induce in these two 
compounds a metamagnetic state due to a sudden field- 
induced splitting of the Co majority and minority 3d sub- 
bands. The Co metamagnetic state may be induced in 
DyCo2, HoCo2, and ErCo2 in zero external field employing a 
large exchange field due to ferromagnetically ordered 4/ 
magnetic moments at Tc. This first-order phase transition is 
accompanied by a pronounced drop of the electrical 
resistivity,4 and a sudden volume expansion due to Co mo- 
ment formation. 

The larger lattice volume of light rare-earth counterparts 
like PrCo2 or NdCo2 allows less delocalized Co 3d states 
and the Co moment to form. The second-order phase transi- 
tion at Tc is accompanied by resistivity and volume anoma- 
lies usual for metallic ferromagnets.4 

The nearness of ferromagnetism in YCo2 and LuCo2 is 
manifest also by the substitutions of some p atoms, like Al, 
for Co driving these compounds towards ferromagnetism. 
The KE(Col-xMx)2 were subjected by papers focused on 
spin-fluctuation2'5"7 and magnetovolume phenomena.3,8'9 Al- 
though the lattice volume in Y(Co!_xSi^)2 and 
Lu(Coi_^SiA.)2 compounds is altered only slightly with in- 
creasing x up to 0.10, one also observes suppression of rsf, 
enhancement of the low-temperature susceptibility, and re- 
duction of the critical metamagnetic field. Ferromagnetism 
is, however, not reached.10"13 Various aspects of magnetism 
in RE(Co!_^Six)2 compounds with RE=Gd, Tb, Dy, Ho, 
and Er were studied as well.12'14'15 Strong enhancement of 
Tc with Si doping has been observed for the latter three 
cases. Negative pressure effects on Tc in the heavy-rare- 
earth RECo2 compounds are reported.17 Here we report on 
effects of Si doping and of external pressure on magnetism 
in the Nd(CO]_xSix)2 and Ho(Co1_xSi;c)2 systems. 

The Nd(Co,_^Six)2 and Ho(Co,_xSi,)2 polycrystalline 
samples for x=s0.15 were produced by melting stoichio- 
metric mixtures of pure metals under argon atmosphere and 
annealed at 950 °C for 50 h in vacuum. The x-ray diffraction 
revealed only the expected cubic C15 structure. The lattice 
volume in the Ho system is almost composition invariable 
but an increase of about 6% is observed in Nd(Coi_.,.Six)2 

for x between 0 and 0.10. 
The resistivity was studied on bar-shaped samples 

(sizesslXlX7 mm3) using the ac four-terminal technique. 
The compressibility and the thermal expansion were mea- 
sured using microstrain gauges (Micro-Measurements Inc., 
SK-350) fixed on a plane sample surface. The strain gauges 
were calibrated using the relevant reference data on Cu and 
Fe. The pressure experiments were performed in a CuBe cell 
silica fixed hydrostatic pressure up to 9 kbar cooled in the He 
closed-cycle refrigerator. The pressure was measured in situ 
using a manganin pressure sensor. 

The first-order magnetic phase transition at Tc in the Ho 
compounds is reflected in a resistivity drop Ap (see Fig. 1) 
and an abrupt expansion of the lattice (Fig. 2). Usual 
"second-order-type" resistivity (Fig. 3) and thermal- 
expansion (Fig. 4) anomalies are exhibited by the Nd coun- 
terparts. The additional resistivity and expansion anomalies 
at TR (*= 17 and 42 K in HoCo2 and NdCo2, respectively) are 
attributed to the reorientation of the easy-magnetization 
axis 16,17 

The resistivity in Ho compounds above Tc is strongly 
affected by a spin-disorder scattering on RE moments and by 
a conduction electron scattering on 3d spin fluctuations. 
When the 4/ moments order ferromagnetically at Tc they 
produce a strong exchange field acting on the Co 3d states. 
Consequently, the 3d majority and minority subbands split, 
spin fluctuations at the Co sites quench and a metamagnetic 
state is induced by a first-order transition. The consequent 
reconstruction of the Fermi surface and the drastically sup- 
pressed conduction-electron scattering yield the huge resis- 
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FIG. 1. Temperature dependence of resistivity of Ho(Co1_JSiJ.)2 for x = 0 
(in 1 and 5.9 kbar), 0.05 (in 1 and 7.1 kbar), and 0.075 (in 1 and 6.9 kbar). 

tivity drop. The abrupt lattice expansion observed at Tc (Fig. 
2) is attributed to the positive magnetovolume effect of the 
Co moment formation. 

The metamagnetism is obviously absent in NdCo2 in 
which the Co moment exists already in the paramagnetic 
range and just the ferromagnetic ordering of the Co and Nd 
moments takes place at Tc by a second-order magnetic phase 
transition. This is reflected in a change of slope of the p(T) 
and AL/L(T) curves (see Figs. 3 and 4), respectively. Quali- 
tatively comparable magnetovolume effects are observed at 
low temperatures both in Ho and Nd compounds, however. 

Si substitutions for Co have a strikingly different impact 
on Tc in the two systems (see Figs. 1-4 and also Fig. 5). The 
slow decrease of Tc of Nd compounds with increasing x 
seems to reflect the dilution of a "magnetic" element (Co) 
by a "nonmagnetic" one (Si) but Tc increases rapidly in 
Ho(Co1_^SiJ.)2 for x up to 0.075 followed by a slow de- 
crease at a similar rate as for the Nd counterparts and the 

60       90      120      150      180 

r(K) 
FIG. 3. Temperature dependence of resistivity of Nd(Co1_JSii)2 for x=0 
(in 1 and in 5.6 kbar), 0.05 (in 1 and in 2.4 kbar), and 0.075 (in 1 and in 6.7 
kbar). 

relevant magnetization, resistivity, and volume anomalies as- 
sociated with magnetic ordering become progressively 
broadened. Besides a more extended dilution of the Co sub- 
lattice, the effects of the increasing substitutional disorder on 
the Co sites on exchange interactions are considered as a 
possible source of this development. Note that the weak de- 
creasing trend of the Tc vs x for the Nd system also becomes 
more pronounced for x>0.05. The spin-reorientation tem- 
perature TR is gradually lowered with increasing x both in 
the Nd and Ho systems. 

The resistivity drop Ap at Tc in Ho(Co1_^.SiJ)2 is 
gradually reduced with increasing Si content and vanishes 
for x>0.075. For x=s0.05, the resistivity decreases monoto- 
nously with further lowering temperature and tends to satu- 
rate in the low-temperature limit. For x>0.05 the low- 
temperature behavior is modified and the resistivity increases 
with decreasing temperature. Discussion of this effect which 

FIG. 2. Temperature dependence of thermal expansion of Ho(Co1_JtSiJ.)2 

for;t = 0 (in 1 and 4.7 kbar), 0.05 (in 1 and 5.5 kbar), and 0.075 (in 1 and 4.4 
kbar). 

FIG. 4. Temperature dependence of thermal expansion of Nd(Co,_iSii)2 
for x = 0 (in 1 and 6.3 kbar), 0.05 (in 1 and 6.6 kbar) and 0.075 (in 1 and 5.7 
kbar). 
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develops with further increasing x is beyond the scope of this 
paper. Similar effects were reported also for Er(Co1_^SiA.)2 

(Ref. 14) and Ho(Co1_xAl^)2 (Ref. 17) but are lacking in the 
Nd(Co1_^SiA.)2 compounds. 

Magnetovolume data for Y(Co1_xAlA.)2 (Ref. 19) allow 
an assumption that the Co sublattice plays the dominant role 
in the magnetovolume phenomena in RECo2 compounds. 
Then we may estimate the Co moment from the formula: 
(OS=C/J,Q0 (C is the magnetoelastic coupling constant). Ho 
compounds show an initial increase by about 10% for x 
=£0.025 followed by a monotonous decrease upon further 
increasing x. The Co expansion AV7V=3AL/L at Tc also 
vanishes for x>0.075 where the Co metamagnetism disap- 
pears. The value of w, in Ho(Co0 9Si0 ,)2 points to a consid- 
erable residual Co moment which, however, is not a result of 
any metamagnetism at Tc but may be tentatively attributed 
to a stable Co moment similar to NdCo2. 

Application of pressure reduces Tc both in the Nd and 
Ho systems with almost composition invariant (for x 
s£0.075) values of d In Tcldp=-\5 and -23 MbaT1 point- 
ing to extrapolated critical pressures for the disappearance of 
ferromagnetismpc«67 and 43 kbar, respectively. The com- 
pressibility of the Ho(Co!_xSix)2 compounds which is Kp 

»0.98 Mbar-1 at room temperature increases drastically be- 
low Tc, where Kf=(Kp+ Km)= 1.4Mbar~' for HoCo2, and 
Km is the magnetic contribution to the compressibility. This 
softening is intimately connected with the reduction of the 
spontaneous magnetostriction (see Fig. 2) due to pressure- 
induced suppression of the Co moment. 

A rough estimation of the relevant softening of com- 
pressibility in the Nd(Co1_xSiJ.) compounds gives a value, 
ü)j/^e«0.02Mbar_1, which is smaller by more than one 
order in comparison with the Ho compounds and well com- 
parable with very small magnetostriction of all the ferromag- 
netic Co-rich alloys. 

The results document that the Si substitutions for Co in 
the RECo2 compounds are not only a simple dilution of the 

Cuong et al. 

Co sublattice, but besides the effective reduction of the over- 
lap integral of 3d wave functions between Co-Co nearest 
neighbors (which may lead to a narrowing of the Co 3d 
band) and the variation of the count of Co 3 d electrons in the 
system, a considerable involvement of the Si-3p states in the 
electronic structure of the system has to be considered, 
namely their hybridization with the Co 3d states8 and the RE 
5 d states. The leading component of the exchange interac- 
tion coupling the RE magnetic moments and determining the 
ordering temperature in the heavy rare-earth RECo2 materi- 
als without stable Co moments like in HoCo2 is born from 
the hybridization of the RE 5 ^-electron states with the Co 
3d states. The strong enhancement of the exchange interac- 
tion deduced from the increasing Tc in the heavy-rare-earth 
systems can be tentatively attributed to an additional contri- 
bution to the exchange interaction which arises from the 
5d-3p (Si) hybridization. In NdCo2 and the other RECo2 

compounds with a stable Co magnetic moment the direct 
Co-Co (3d-3d) exchange interaction also contributes sub- 
stantially, acting as a leading term and yields considerably 
larger Tc values. Since the Co moment is instantly reduced 
with increasing Si content in the Nd(Co1_A;SiJ.)2 compounds, 
the Co-Co exchange interaction weakens reducing Tc as a 
direct consequence. The effects of the 3d(Co)-3p(Si) hy- 
bridization involving both the Co moment and the exchange 
interaction within the Co sublattice cannot be omitted. 
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In this work we calculate the itinerant and localized magnetization curves of the Laves phase 
intermetallic compound HoCo2 and discuss the nature of its magnetic phase transition. The 
numerical results were calculated from the self-consistent solution of magnetic coupled equations 
obtained through the combination of functional integral methods with molecular field 
approximation.   © 1998 American Institute of Physics. [S0021-8979(98)24711-6] 

An interesting feature presented by rare-earth cobalt in- 
termetallic compounds RCo2 (R=Er, Dy, Ho), is the exis- 
tence of a first-order magnetic phase transition,1"9 which has 
been discussed in the literature in terms of the instability of 
the Landau free energy around the critical temperature.3 

However, as far as we know, there are no explicit calcula- 
tions of the effects of the temperature on the magnetization 
curve of these intermetallics. This kind of calculation is very 
important, not only to determine the order of the magnetic 
phase transition but also to determine the possible change of 
easy magnetization direction and to find any anomalies along 
the magnetization curve. 

The main goal of this article is to calculate in a quanti- 
tative way the temperature dependence of the itinerant and 
localized parts of the magnetization of the Laves phase in- 
termetallic compound HoCo2 and to discuss the nature of its 
magnetic phase transition. In the formulation of the problem 
we start from the following two-sublattice model Hamil- 
tonian including localized spins and itinerant electrons, in the 
approximation of five identical d subbands:10 

Using the functional integral method in the static ap- 
proximation to treat the electron-electron interaction,10 we 
decouple the total Hamiltonian (1) into two new effective 
ones: 

ff/=-^/2<sf>-/{-E J{ 
w 

1  /   Jdf \     _d 

2  \gePB 
'Xw ■Jf J V > 

(2) 

7T       'V     Ho   + i  "V   -rJHoHo   + .  'V     Co   + 
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IV 

,   "V   TCOCO
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jj' lj 
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where /J,B is the Bohr magneton and ge is the Lande factor of 
the itinerant electrons. The effective Hamiltonian (H/) de- 

rr       "V       Ho    + ,   "V    -JfoHo    + ,   "V       Co    + 
H=2J *O 
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Co Here 6Q   is the center of rf-energy band at Ho sublattice; 
is the corresponding term of the Co sublattice; the terms 
r"?Ho and 7f°Co represent the hopping between sites of the 

jj' 

same sublattice, and Tfj is the intersublattice hopping. 
UHo(UCo) is the Coulomb interaction parameter between 
itinerant electrons at Ho(Co) site; Jdf is the exchange inte- 
gral interaction parameter between localized 4/ spins and 
itinerant electrons and P is the total angular momentum of 
Ho+3 ions. 
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FIG. 1. Temperature dependence of the itinerant (AfCo) and localized (MHo) 
magnetization of HoCo2 (in units of fiB). The full lines are the theroretical 
calculations and the circles (squares) are experimental data for Ho (Co) (see 
Ref. 9). 
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scribes a subsystem of the localized 4/ spins coupled to 
itinerant electrons via the itinerant magnetization (sf) and 
via the electronic magnetic susceptibility Xw ■ The term in 

brackets in (H/), which depends on the magnetic suscepti- 
bility of itinerant electrons, defines an effective exchange 
interaction between localized 4/ spins.10 This effective ex- 
change interaction establishes a connection between the lo- 
calized magnetization at Ho sites and the electronic structure 
of the Co sublattice and plays an important role in the ap- 
pearance of local magnetization at Ho sublattice. Using the 
molecular field approximation, the temperature dependence 
of localized magnetization (MHo) of the Ho sublattice, is 
obtained in a standard way in terms of Brillouin function. 

The effective Hamiltonian (Hd) describes a two- 
sublattice itinerant electron system without electron-electron 
interaction and under the action of an effective magnetic 
field generated by the localized 4/ spins. In this Hamiltonian 
the effective energies ef° and e?° incorporate fluctuating 
charge (v) and spin (£) fields defining a very complicated 
disorder problem. In order to simplify the numerical calcu- 
lations, we use the homothetic band approach to treat the two 
sublattices of the intermetallic and use the coherent potential 
approximation (CPA) to deal with the intrinsic disorder in- 
troduced by the functional integral method.10 Within these 
approximations, the temperature dependence of the itinerant 
magnetization on the Co sublattice (MCo) is given self- 
consistently by the mean value of the spin fluctuating field:10 

M Co_ 
<($ = fdgdve-ß{UCo/4(t2+v2)+VTrSdzf(z)lrn?.ITH\-Vc°(tv)FC

ar°(z)]}   ' 
(4) 

where/(z) is the Fermi function; z= e+iS, <5—>0; VCo is a 
local potential at the Co sublattice that comes from the CPA 
treatment of the disordered Hamiltonian and FCo is the local 
Green's function of the Co sublattice.10 

The magnetization curve of the HoCo2 intermetallic was 
calculated using a standard model d density of states ex- 
tracted from ab initio calculation11 and the following fixed 
parameters: £/Ho=0.5 eV, f/Co=1.0eV, and Jdf= 0.065 eV. 
The calculated temperature dependence of the itinerant and 
localized magnetizations of the HoCo2 intermetallic, Fig. 1, 
shows a first-order magnetic phase transition at Tc= 80 K. In 
this intermetallic, the first-order magnetic phase transition is 
associated with the abrupt enhancement of the effective ex- 
change interaction between localized spins near the critical 
temperature. This abrupt enhancement can be explained in 
the following way: due to the position of the Fermi level in a 
deep region near a sharp peak in the d density of states, a 
small value of the localized magnetization at the rare-earth 
sublattice induces a metamagnetic transition at the Co sub- 
lattice, yielding an abrupt enhancement of the electronic 
magnetic susceptibility and consequently in the effective ex- 
change interaction parameter between localized spins. This 
self-consistent process gives rise to a large value of the mag- 
netic moment at Ho sites, thus producing a discontinuity in 
the magnetization curve at the critical temperature. 

This model can be straightforwardly extended to calcu- 
late the temperature and concentration dependence of the 
magnetization of R(Co1_A.r^)2 pseudobinaries,12'13 where 
(R=Er, Dy, Ho) and T is sp or ^-transition element. In 

these pseudobinaries, increasing T concentration smears out 
the electronic density of states near the Fermi level in a such 
way that the effective exchange interaction parameter be- 
tween localized spins increases smoothly with temperature, 
changing the nature of the magnetic phase transition from 
first to second order. 

The authors are greatly indebted with Professor Affonso 
Gomes for his help in the development of the theoretical 
formulation presented in this article. This work was partially 
supported by CNPq (Brazilian agency of funds). 
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Recovery of ErCo2 Fermi level by substitution of Co by Ni and Fe 
F. Garcia,a) H. dos Santos, M. R. Soares, A. Y. Takeuchi, and S. F. da Cunha 
Centro Brasileiro de Pesquisas Fisicas, 22290-180, Rio de Janeiro, Brazil 

Magnetic and electrical resistivity measurements performed in Er(Co1_xNiJ.)2 have shown that the 
critical concentration for the first-order magnetic phase transition is near to xc = 0.10. For higher Ni 
concentration the results suggest that Co is no longer magnetic. Experimental results presented here 
for Er(Co0gNi02xFe02(i-X))2 and Er(Co09Ni0 lxFe01(1_x))2 systems, show that when Co is replaced 
by Fe, the 3d band is filled up, whereas for Ni substitution that band is depleted. The saturation 
moment obtained from isothermal magnetization measurements indicates that Co recovers its 
moment and couples parallel to the Fe moment and antiparallel to the Er moment. Characteristics of 
spin fluctuation are also observed. These results show that with a suitable combination of Co, Ni, 
and Fe we can recover the original density of the states of the ErCo2 compound. © 1998 American 
Institute of Physics. [S0021-8979(98)24811-0] 

I. INTRODUCTION 

Within the series of R-3d (R=heavy rare earth) interme- 
tallics the RCo2 Laves phases show interesting magnetic 
properties.1 In contrast to RFe2, where the Fe moments are 
practically independent, whether the R ions bear a magnetic 
moment or not, the existence of a Co moment is intimately 
connected with the existence of a moment on the R sites. On 
the other hand, in RNi2, where the Fermi-level EF lies in the 
flat low density of states N(E) region, Ni is never magnetic 
in this system, even in compounds with magnetic R ions. 
From band-structure calculations2 it has been concluded that 
most of the outstanding features observed in the family of 
the RCo2 compounds can, at least qualitatively, be under- 
stood by considering the Fermi-level position EF, which is 
situated near a local peak. The high value together with a 
special shape of the density of states N(E) curves in the 
vicinity of the Fermi level give rise to spin fluctuations in the 
d band and they are also responsible for the occurrence of 
itinerant metamagnetism. 

In the present work, electrical resistivity and magnetiza- 
tion measurements in some selected samples of Er(Co, M)2 

(M=Fe and Ni) compounds were performed in order to get 
further information to support the band picture for the ob- 
served behaviors. A small amount of Co is replaced by 3d 
transition metals Fe and Ni in ErCo2. As Fe substitution 
shifts the Fermi level toward lower energy, while Ni substi- 
tution shifts it toward higher energy, we might obtain the 
characteristic of the original density of states of the ErCo2 

compound by suitable combination of Co, Ni, and Fe. 

II. EXPERIMENTAL PROCEDURE 

The samples were prepared by arc melting the constitu- 
ents elements in an argon atmosphere. To avoid the appear- 
ance of spurious phases, a 6 wt % excess of rare earth over 
the stoichiometric composition was necessary. The ingots 
were then annealed in evacuated sealed quartz tubes for a 
period of one week at 7=800 °C. The crystal structure and 

"'Electronic mail: flavio@cat.cbpf.br 

the lattice parameter were determined at room temperature 
by x-ray powder diffraction. All the samples are single phase 
cubic MgCu2 type. 

Electrical resistivity measurements were performed us- 
ing a standard dc four-point method; magnetization measure- 
ments were carried out using a vibrating sample magnetome- 
ter and magnetic ac susceptibility (^AC) measurements were 
performed using a lock-in amplifier (/= 125 Hz). 

III. RESULTS AND DISCUSSION 

The temperature dependence of the magnetization (in 
Happ=100Oe) in all samples shows a difference between 
field-cooled and zero-field-cooled measurements, for T 
< Tc. This difference disappears under higher applied fields 
(5 kOe). This thermal irreversibility is related to domain-wall 
motion in the crystal. The saturation moments per formula 
unit ii^lfu of these compounds were obtained by extrapo- 
lation of the magnetization to infinite field, from M vs \IH 
curves performed at 4.2 K, in fields up to 80 kOe. 

Figure 1 shows the electrical resistivity p versus tem- 
perature of the Er(Co, M)2 (M=Fe, Ni) system. The residual 
resistivity has been subtracted in these plots. The p(T) 
curves for ErCo2 and Er(Coo.9oNi0.10)2 (Ref. 3) show a dis- 
continuous change at Tc, characteristic of a first-order tran- 
sition. At high temperatures (basically, T> Tc) these curves 
present a clear tendency towards saturation and huge values, 
if compared to the De Gennes-Friedel spin-disorder resistiv- 
ity. This additional contribution to the resistivity was well 
explained by Baranov et al.4 as spin-fluctuation scattering of 
the 3d band. 

For Er(Co0.8oNio.2o)2' apart from the peak at low tem- 
peratures, the temperature dependence of the electrical resis- 
tivity p{T) is typically of metallic ferromagnets (see ErNi2) 
and shows an anomaly at T= Tc. The pronounced curvature 
of p(T) curves (characteristic for the spin-fluctuation sys- 
tem) that is observed in ErCo2 above Tc is suppressed for 
more than 20 at. % Ni and the temperature dependence be- 
comes almost constant. On the other hand, the saturation 
moments per formula unit Aisat//w for ErNi2 and 
Er(Co080Ni020)2 compounds are 7.2fiB and l.\fxB, respec- 
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FIG. 1. Temperature dependence of the electrical resistivity for Er(Co, M)2 

(M=Fe and Ni). 

tively. These properties suggest that in alloys containing 
more than about 20 at. % Ni, the Co is no longer magnetic. 

Bearing in mind that the main purpose of this work is to 
recover the original ErCo2 Fermi-level position, we per- 
formed measurements in Er(Co0.8oFe014Ni0 06)2 and 
Er(Co0.8oFeo.i3Nio.o7)2 compounds. Indeed, results of p(T) 
curves show behavior similar to that of ErCo2, i.e., saturation 
tendency above Tc indicating that spin-fluctuation scattering 
is present. As the spin-fluctuation scattering produces an ad- 
ditional contribution to the electrical resistivity at high tem- 

Garcia et al. 

peratures, we estimated the total variation of the resistivity 
Ap=p(300K)-p(1.5K). For ErCo2 we found Ap 
= 121 fiCl cm and for ErNi2 and Er(Co0.goNi0 20)2, 37 and 40 
fid cm, respectively. However, in Er(Co080Fe0.i3Ni007)2 and 
Er(Co08oFe0.i4Ni006)2, Ap reaches values of 94 and 135 /Al 
cm, respectively. These results show clearly that spin- 
fluctuation effects are present in these compounds. 

Around Tc, the resistivity curves show a sharp increase. 
However, they are not a conclusive indication of a first-order 
transition.5 To try to elucidate this point we have measured a 
sample of Er(Co0.9oFe0 07Ni0 03)2. Results show a larger 
variation of p at Tc, but it is not yet conclusive about the 
order of the phase transition, in contrast to the situation for 
Er(Co090Ni010)2,3 which presents a clearly first-order phase 
transition. This behavior is not unexpected, considering that 
there is a large chemical disorder (Fe, Co, and Ni) in the 
crystal. This disorder can produce a distribution of first-order 
transition phase temperatures. 

IV. CONCLUSIONS 

We have successfully reproduced in substituted com- 
pounds the Fermi level of ErCo2. This conclusion is of use in 
theoretical models where parameters largely depend on the 
detailed form of the band structure. Moreover, the electrical 
resistivity results are also important to a better understanding 
of the saturation and spin-fluctuations effects. The first-order 
transition cannot be clearly confirmed, but there is a strong 
indication of its presence. 
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Theoretical study of hyperfine fields at impurity nuclei in GdX (X=Zn,Cd) 
compounds: A two-center model 
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We theoretically discuss the local moment formation and the hyperfine field behavior of 
nonmagnetic (s-p and noble) impurities diluted in ferromagnetic rare-earth compounds GdX 
(X=Zn, Cd). It is experimentally observed in these systems that all impurities enter substitutionally 
at the "nonmagnetic" X lattice site, creating a strong local charge perturbation. In our simplified 
model, one calculates the local magnetic moment in the perturbed conduction band at the origin (a 
charge perturbed X site). The polarization of the conduction band arises from the Gd 4/ moments 
and the conduction electron polarization produced by the host magnetic moment at the origin is 
treated within the Born approximation. The general trend of the experimental hyperfine field data is 
well reproduced by our self-consistent calculations. © 1998 American Institute of Physics. 
[S0021-8979(98)40111-7] 

In recent years, a systematic experimental study was 
made in order to obtain the magnetic hyperfine field at non- 
magnetic (s-p and noble) impurities diluted in the interme- 
tallic compounds GdZn and GdCd.1 These compounds have 
the CsCl type structure with lattice parameter a = 3.60 and 
3.75 Ä and are ferromagnetic bellow 7C = 270 and 265 K, 
respectively. The saturation magnetic moment of GdZn is 
7.50/u.ß, the excess moment of 0.5/JLB being ascribed to 5d 
conduction electrons. Similarly, one has an excess moment 
of about 0A/u,B in the case of GdCd. The hyperfine field at an 
impurity in GdZn was found to be nearly the same to that in 
GdCd; moreover, the experimental data showed that the be- 
havior of the hyperfine fields at nonmagnetic impurities in 
GdX (X=Zn, Cd) are quite similar to those in Gd metal, i.e., 
one always has negative hyperfine fields along a s — p series. 

As far as ferromagnetic Gd host is concerned, the experi- 
mental results can be compared with the calculation of Leal 
et al.,2 which is an extension of the Daniel-Friedel model.3 

More recently, de Oliveira et al.4 have discussed the problem 
of nonmagnetic impurities in Gd and Ni hosts, using a for- 
mulation due to Speier et al.,5 which takes into account 
neighbor effects arising from the translational symmetry 
breaking. The model described in Ref. 4 was also used to 
describe intermetallic compounds GdX (X=Zn, Cd).6 In that 
work, an effective one-site host model was adopted, where 
the intermetallic compound was described by a single lattice 
constituted by the same "effective atoms," namely Gd-like 
elements, which create a host exchange splitting proportional 
to the excess of magnetization verified in the GdX (X=Zn, 
Cd) compounds. A weakness of the model6 is that it is ex- 
perimentally known that the nonmagnetic impurities enter at 
the X site.1 Moreover, the polarization of the conduction 

electron gas is created by the Gd 4/ spins, located at the Gd 
sublattice sites which interact with the 5J-conduction elec- 
trons of the compound, thus originating also the indirect in- 
teraction between the Gd moments. 

In order to partially restore the two sublattice character 
of the GdX compounds, we would like to discuss here a 
theoretical approach to study the systematics of hyperfine 
fields at nonmagnetic impurities placed in GdZn and GdCd 
compounds. This approach is based on a two-center model 
introduced by Blandin and Campbell7 to discuss hyperfine 
fields at s-p sites (Y) in Heusler alloys X2MnY. We hope 
to bring out in this formulation the effect of charge screening 
at the nonmagnetic impurity site, on the polarization at that 
site. In this sense, our present calculation can be seen as an 
extension of the Ruderman-Kittel-Kasuya- Yosida (RKKY) 
approach to an electron gas with a strong local charge per- 
turbation. 

The unperturbed conduction electrons within a tight 
binding formulation are described by the propagator: 

?,7(£) = 2 
eik-(R,-R,-) 

E-ek    ' (1) 

where ek is the dispersion relation for the conduction band. 
A nonmagnetic impurity at the origin introduces a spin- 

independent local potential VQ, originated from the charge 
difference between impurity and host conduction electrons. 
The spin-dependent potential, introduced by a polarized 4/ 
spin located at R„ is given by V°=aJ(Sz). So, the general 
Dyson equation defining the two-center scattering problem is 

Gfj(E) = giJ(E) + ^ g„(E)VfmGlj(E), 
l,m 

(2) 
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with 

Km - V0 Slm + V"8lm Smn . (3) 

In order to get the spin polarization at the origin, let us 
define 

G?j(E) = gij(E) + 8G?j(E). (4) 

The exact solution of the scattering problem defined by (2)- 
(4) leads to 

<?Goy£;R„) = 
gon(E)gno(E) 

[l-VQgm(E)]2 

X 
v°" 

1 - V:[goo(E) + gn0(E)T0(E)g0n(E)] 

(5) 

and therefore 

2 aSGUE;Rn) 
a 

_ 2J(Sz)g0n(E)gn0(E) 

[l-Vogoo(E)]2 

X 
l-J(Sz)[80o(E) + gno(E)T0(E)g0n(E)] 2   ' 

with 

To(E)-- 
l-Vogoo(E)' 

(6) 

(7) 

The spin-dependent potential Vn is small as compared to the 
strong local charge potential perturbation V0; so it can be 
treated in the Born approximation, yielding: 

8GUE;Rn)-SGUE;K) 

2J(SZ) 

[l-V0goo(£)]2 g0n{E)gM{E) + @{J(Sz))\ (8) 

Since we are interested in the hyperfine field at the origin, we 
calculate the local magnetization m(0) arising from the sum 
of contributions over neighboring magnetic sites. So 

m(0) 
TT J- 

Im; 
2J(SZ) 

[l-V0g00(E)]2 

xE g0n(E)g„o(E)dE 

_  1     CEF 

~K   J-oo  [I3 
2J(SZ) 

Vogoo(E)Y 

dgoo(E) 

dE 

+ g%o(E) dE, (9) 

where Z represents the number of neighboring magnetic im- 
purities. In the present case, each X site is surrounded by 8 
Gd neighbors and therefore Z=8. 

Notice that if one introduces the effect of a nonlocal 
charge potential due to the impurity symmetry breaking, it is 

FIG. 1. Calculated hyperfine fields for 4s-p impurities in GdZn (full line) 
and GdCd (dashed line) compounds. The experimental data (squares for 
GdZn and open circles for GdCd) were collected from Ref. 1. 

easily shown that at the lowest approximation the local po- 
tential V0 

can be replaced by the effective nonlocal 
potential4'5 

Veff=V0+(a2-l)E, (10) 

where a is a proportionality factor associated to the radii of 
the impurity and host atomic wave functions and Veff is self- 
consistently obtained via an extended Friedel sum rule.8 

Then, one obtains the conduction electron polarization (CEP) 
hyperfine field 

tfhf=A(Zimp)m(0), (ID 
where A(Zimp) is the Fermi-Segre coupling estimated by 
Campbell.9 In our self-consistent numerical calculations, we 
adopted a density of states similar to that calculated by Post- 
nikov et al.10 Figure 1 illustrates the self-consistently calcu- 
lated CEP hyperfine field at 4s-p impurities in GdX inter- 
metallics. In Fig. 2 the case of 5s-p impurities is exhibited 

-100 

FIG. 2. Calculated hyperfine fields for 5s-p impurities in GdZn (full line) 
and GdCd (dashed line) compounds. The experimental data (squares for 
GdZn and open circles for GdCd) were collected from Ref. 1. 
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and one observes a quite similar behavior, i.e., all hyperfine 
fields are negative and the corresponding negative local mo- 
ments are very small. Similarly to our previous Daniel- 
Friedel type calculation,6 discrepancies are systematically 
observed in the case of isoelectronic noble impurities Cu, 
Ag, and Au. This is because the impurity ndw filled shell 
creates at the strongly charge perturbed local density of 
states at the origin, an Anderson-Moriya d-hump.11 The 
Friedel-Anderson-like d resonance generates a local d mo- 
ment, which turns out to be of the order of 0.25fiB, thereby 
originating a core polarization contribution to the hyperfine 
field. Full details about this calculation will be given 
elsewhere.12 
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In this article we report a new compound, Tb0 7Nd0 3Mn2Ge2, which behaves like SmMn2Ge2, a 
compound with reentrant ferromagnetic order. Magnetization and thermal expansion measurements 
have been performed to study polycrystalline Tb0.7Nd0 3Mn2Ge2. Temperature dependent 
magnetization data shows that from 800 to 426 K the sample behaves like a paramagnet. A Neel 
transition is observed at 426 K (T4) and the antiferromagnetic phase persists until 334 K (T3). From 
334 K (T3) to 277 K (T2) the sample exists in a ferromagnetic state. At 277 K (7"2) the sample 
transforms into an antiferromagnetic phase. Interestingly, at 117 K (T,) the sample enters into a 
ferromagnetic-like phase. Thermal expansion study shows a sharp change in the sample dimension 
around Tx (125 K). This change in the dimension most likely triggers the reentrant magnetic 
transition (T{) observed in the magnetization measurement. The sharp change in thermal expansion 
suggests this transition at Tx to be of first order. The relatively small and shallow dimensional 
change around T2 (275 K) implies a weak first order transition. The dimensional changes found at 
the two transitions strongly suggest that Mn-Mn intralayer distance plays an important role in the 
multiple magnetic phases in Tb0 7Nd0 3Mn2Ge2. © 1998 American Institute of Physics. 
[S0021-8979(98)33511-2] 

The rare-earth-intermetallic compounds RMn2X2 

(R=rare-earth, X=Ge, Si) have been studied1'2 intensively 
for more than 15 years. The various compounds with differ- 
ent R and X combinations show a wide variety of magnetic 
behavior. All the RMn2X2 compounds have tetragonal 
ThCr2Si2 crystal structure, where each element resides in a 
square plane of their own and these planes are then stacked 
along the c axis with the sequence ...R-X-Mn-Mn-X-R.... 
the easy axis of magnetization being along the c axis. 

Among all the RMn2X2 compounds, SmMn2Ge2 pos- 
sesses the most intriguing magnetic behavior.3 With the low- 
ering of temperature from 400 to 2 K it shows four distinct 
magnetic states: from 400 to —340K (T3) it is paramag- 
netic; from 340 to -150K (T2) it is ferromagnetic; from 
150 to ~100K (7^) it is antiferromagnetic; and finally, it 
reenters another ferromagnetic phase below 100 K and this is 
sustained until 2 K, the lowest temperature of measurement. 
Temperature dependence of lattice constants4 shows that the 
ferro- to antiferromagnetic (T2) and antiferromagnetic to fer- 
romagnetic (7^) transitions are enhanced by magnetostric- 
tion. More importantly, these interesting transitions in 
SmMn2Ge2 and also the magnetic behavior of the whole 
family of RMn2X2 compounds is strongly correlated to the 
Mn-Mn intralayer distance R^n-Mn • 3~5 Tnis critical depen- 
dence has been investigated in RMn2Ge2 and in particular in 
SmMn2Ge2 by external pressure6'7 and by chemical 
pressure.8"10 NMR study11 has been done on SmMn2Ge2 to 
understand reentrant ferromagnetism. A magnetoresistance 
study12 on SmMn2Ge2 indicates a new transition around 30 
K and it has been attributed to Sm. 

Due to very high neutron absorption coefficient of Sm, it 
has not been possible to subject SmMn2Ge2 to neutron dif- 

fraction experiments. Therefore, the suggestions on the mag- 
netic structure of SmMn2Ge2 were largely made on the basis 
of the pressure and temperature-dependent magnetization 
studies of SmMn2Ge2 and those of the other members of the 
RMn2X2 compounds.3,4'7 It was thought that magnetic mo- 
ments of Mn are always arranged parallel (giving ferromag- 
netic order) within the (001) plane and depending on tem- 
perature the moments on two successive planes could be 
either directed parallel or antiparallel. This view has recently 
been revised13 due to the understanding of the Mn-sublattice 
ordering from the neutron diffraction studies on RMn2Ge2 

(La-Nd), LaMn2Si2, and Lao 3 Y0 7Mn2Ge2 compounds.14"16 

According to these studies, the Mn moments in many 
RMn2X2 compounds posses both ferromagnetic and antifer- 
romagnetic components giving a canted arrangement. Hav- 
ing found the magnetic structure of RMn2X2 compounds, 
Venturini et a/.13 synthesized a SmMn2Ge2-like compound, 
Nd0 35La0 65Mn2Si2, and they have studied it by magnetiza- 
tion and neutron diffraction measurements. The magnetic 
structure found for Nd0 35La0 65Mn2Si2 is thought to be valid 
for SmMn2Ge2. In this article we report on a new compound, 
Tb0 7Nd0 3Mn2Ge2, which also shows SmMn2Ge2-like be- 
havior. This compound can provide us understanding of the 
reentrant magnetic behavior in SmMn2Ge2 and in other simi- 
lar compounds. 

Samples were synthesized by arc melting in Ar atmo- 
sphere of the proper amounts of the constituent elements. 
The purity of the elements were 99.9% for Tb and Nd, 
99.99% for Mn, and 99.999% for Ge. Samples were then 
annealed under vacuum at 1173 K for ten days. Magnetiza- 
tion measurements were carried out by means of a SQUID 
magnetometer. The magnetization measurements above 400 
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FIG. 1. High-temperature magnetization data of the Tb0.7Nd0 3Mn2Ge2 

sample at an applied field of 500 G. The inset shows inverse magnetization 
as a function of temperature. 

K were carried out with a vibrating sample magnetometer. 
Thermal expansion measurements were made by using a ca- 
pacitance dilatometer. X-ray data reflect the presence of a 
main phase with ThCr2Si2-type tetragonal structure. It also 
shows the presence of a minor amount of impurity phase. 

Figure 1 shows the high-temperature magnetization of 
Tb0 7Nd0 3Mn2Ge2 at a constant applied field of 500 G. From 
800 K down to about 470 K the inverse magnetization (inset) 
shows a good linear dependence on temperature indicating 
that the moments are paramagnetic. The cusp at 426 K (T4) 
indicates a Neel transition and the antiferromagnetic phase 
(AFI) persists down to 335 K (T3). It is important to note 
that in Nd^Tbj _^Mn2Ge2 compound8 the Neel transition was 
not observed. A comparison between the magnetic orderings 
of the Mn moments in TbMn2Ge2 (Ref. 17) [where Mn mo- 

FIG. 2. Temperature dependence of magnetization of Tb0 7Nd0 3Mn2Ge2 at 
different magnetic fields ranging from 500 G to 10 kG. The inset shows a 
magnified view of the magnetization vs temperature data at 500 G. 
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FIG. 3. (a) Magnetization of Tb0 7Nd0 3Mn2Ge2 as a function of applied 
magnetic field at different temperatures, (b) Magnetic hysteresis curve of 
Tb0JNd0.3Mn2Ge2 at 5 K. 

ments are arranged ferromagnetically along the (001) planes] 
and in NdMn2Ge2 (Ref. 13) [where Mn moments have both 
ferromagnetic and antiferromagnetic components along the 
(001) planes] suggest that Mn moments might have an anti- 
ferromagnetic ordering in Tb0 7Nd0 3Mn2Ge2 in the tempera- 
ture range of 426 to 335 K. However, further investigation in 
this temperature range is necessary for a definitive conclu- 
sion. Figure 1 also shows that the sample is transformed into 
a ferromagnetic phase (FMI) below 335 K. Inset of Fig. 2 
shows the temperature-dependent magnetization data of the 
Tb0 7Nd0 3Mn2Ge2 sample at temperatures below 400 K and 
at a constant applied field of 500 G. Below 335 K the sample 
is transformed into a ferromagnetic phase (FMI). This ferro- 
magnetic ordering most likely is coming from the ferromag- 
netic coupling among the Mn moments in the adjacent Mn 
planes.13 This ferromagnetic phase is retained down to 277 K 
(T2) where the sample transforms to an antiferromagnetic 
phase (AFII). The AFII phase extends down to 117 K (r,). 
As the temperature is decreased further, the sample trans- 
forms into the apparent ferromagnetic phase. The magnetiza- 
tion data in the inset of Fig. 2 thus suggests that 
Tb0 7Nd0.3Mn2Ge2 behaves very similar to SmMn2Ge2. The 
low-temperature magnetic ordering in Tb0 7Ndo 3Mn2Ge2 is 
most likely due to the ordering of Tb and Nd moments as 
well as Mn moments. To better understand the magnetic be- 
havior of the sample, especially below 100 K, we performed 
several temperature-dependent measurements at different 
magnetic fields. This result is shown in Fig. 2. The data 
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below 50 K for 1 kG field show that the sample approaches 
the saturation value. Surprisingly, this indication of satura- 
tion reverses for high field measurements at 5 and 10 kG. 
This may suggest that the rare-earth sublattice in 
Tb0.7Nd0 3Mn2Ge2 has a complicated magnetic structure due 
to the competition between the Tb-Mn, Nd-Mn, and 
Tb-Nd couplings. This complicated magnetic behavior is 
also indicated from the neutron study8 on the two closest 
compounds, namely, Tb0 6Nd0 4Mn2Ge2 and 
Tb08Nd02Mn2Ge2. At low temperature Tb08Nd0.2Mn2Ge2 

shows a ferrimagnetic structure of the Mn and R magnetic 
moments along the c axis. On the other hand, at low tem- 
perature Tb0 6Nd0 4Mn2Ge2 has a ferromagnetic component 
along the c axis and an antiferromagnetic one along the a 
axis. 

Figure 3(a) shows isothermal magnetization data with 
the variation of applied field. At 50 K magnetization in- 
creases relatively faster at low fields (up to 5 kG) and in- 
creases with the increase of the field but never saturates, 
even at 55 kG, the maximum applied field. At 5 K magneti- 
zation increases slowly up to 7.5 kG. The curvature becomes 
positive for fields higher than 7.5 kG. Again, at 5 K magne- 
tization does not saturate at 55 kG. The steady increase in the 
magnetization for high fields at 50 and 5 K indicates that at 
low temperatures there may be an antiferromagnetic compo- 
nent present in the magnetic ordering of the rare-earth ele- 
ments in Tb0 7Nd0 3Mn2Ge2 and the overall magnetic order- 
ing is not simple collinear ferromagnetic or ferrimagnetic. 
Figure 3(b) shows the magnetic hysteresis curve of 
Tb0.7Nd0.3Mn2Ge2 at 5 K. The hysteresis, with rather high 
coercivity, at least shows that at low temperature 
Tb0 7Nd0.3Mn2Ge2 has either ferromagnetic or ferrimagnetic 
order in it. 

In RMn2Ge2 compounds, especially in SmMn2Ge2, the 
FM-AF and AF-FM transitions accompany magnetostric- 

tion. To verify any possible dimensional change in the 
Tb0.7Ndo.3Mn2Ge2, we measured its relative thermal expan- 
sivity from 5 K to room temperature. This result is presented 
in Fig. 4. At 120 K a sharp change in the sample dimension 
occurs. This transition temperature corresponds to the reen- 
trant magnetic transition (Tt) found in the magnetization 
measurement (inset of Fig. 2). The sharp dimensional change 
clearly indicates that the order of the transition is of first 
order. Thermal expansion data also indicate a small and shal- 
low dimensional change around 275 K. This dimensional 
change corresponds to the AFI-FMI transition (T2) ob- 
served in the magnetization measurement. Considering the 
magnetization and thermal expansion data we suggest this 
transition at T2 to be of weak first-order type. The dimen- 
sional change observed at Tx and T2 strongly suggest that 
Mn-Mn intralayer distance plays an important role in the 
magnetic behavior of Tb0 7Nd0 3Mn2Ge2. 

A neutron diffraction study would be necessary to deter- 
mine the magnetic structure of Tb0.7Nd0 3Mn2Ge2 and it 
would provide a more complete understanding of the mag- 
netic behavior of this as well as other compounds with reen- 
trant magnetic behavior. 
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Magnetic moment, thermal and electrical transport in the inverse Mott 
systems BaCo0.gNi01S2-y and Culr2S4 
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The antiferromagnetic BaCoo.9Nin.1S2-}, and the paramagnetic CuIr2S4 Mott systems show an 
inverse conductivity behavior, i.e., the metallic phase occurs at low or high temperatures, 
respectively, which also suggests inverse behavior in other transport properties. In this contribution 
we present magnetization data, conductivity, thermal conductivity, and Seebeck effect in the 
temperature range 4.2 K< T< 350 K and in particular through the metal-insulator transition at rMI. 
We recover the anomalies in x(T),a(T), which are discussed using Jahn-Teller and 
anti-Jahn-Teller models; also, we compare the anomalies in a(T), S(T), and of the heat 
conductivity K(T) at rMI. In particular, for BaCo09Ni01S195, we find a step in K of almost one 
order of magnitude (times 6) and a large pressure shift, «£ — 24 K/kbar, which makes this material 
a potential pressure activated heat switch, while CuIr2S4 shows a small step of K (times 1.2) and a 
pressure shift of + 2.8 K/kbar.   © 1998 American Institute of Physics. [S0021-8979(98)40211-1] 

I. INTRODUCTION 

In the search for nongaseous cooling devices, pure solid 
state cooling has gathered renewed interest. With thermody- 
namic cycles, however, heat switches which connect and dis- 
connect heat reservoirs have to be used. Solid state nonme- 
chanical thermal switches at higher temperatures might be 
provided by metal-insulator MI transitions, as in metals the 
heat is often carried by electrons (Wiedemann-Franz law), 
while by phonons in insulators. Therefore, we have investi- 
gated the thermal conductivity of two recently found metal- 
insulator transitions, i.e., BaCo09Ni0.iS2-y and CuIr2S4. For 
the first compound the metallic phase is at low temperatures; 
K shows a step of times 6 at Tm and Tm has a large negative 
pressure shift, —24 K/kbar.1 For the second compound the 
metallic phase is at high temperatures; K changes by a factor 
of 1.2 at TMi and TMi shows a small positive pressure shift 
+ 2.0 K/kbar.2 Inverse behavior is also suggested by the spe- 
cific heat capacity: the entropy change for CuIr2S4 is very 
high, 14 J/molK, suggesting an addition of electronic and 
lattice contribution and significantly lower for 
BaCo09Ni0.iS2_>,, 2.6 J/molK, suggesting a subtraction in 
this case.3 This means that the lattice entropy increases at 
TMI in both cases while the electronic contribution is inverse, 
as expected. 

II. EXPERIMENT AND RESULTS 

The sample preparation and the experimental apparatus 
used are described in detail elsewhere.3-5 For the suscepti- 
bility measurements we have used the Faraday method and 
in some cases a superconducting quantum interference de- 

a)Permanent address: Saha Institute of Nuclear Physics, 1/AF Bidhannagar, 
700064 Calcutta, India. 

''Permanent address: Institute for Metal Physics, S. Kovalevskaya Str. 18, 
620219 Ekaterinburg, Russia. 

c)Permanent address: Institute of Physics, Chinese Academy of Sciences, 
Beijing 100080, P.R. China. 

vice (SQUID) magnetometer. The electrical conductivity and 
the Hall effect are measured using the four- and five-point 
method, respectively, while both the thermoelectric power 
and the heat diffusivity are taken from the initial amplitude 
and decay time of the transient thermoelectricity (TTE). The 
specific heat capacity data were obtained using a Perkin- 
ElmerDSC2. 

The temperature-independent susceptibility x of non- 
magnetic metals and insulators is usually written as the sum 
of Larmor (/), Landau, and Pauli (p) susceptibilities. For 
CuIr2S4, the valence mixed configuration (Cu+Ir3+Ir+4S4~) 

-3.9X10"' emu/g while 
3 

(Cu+IrJV^2) gives    xl-~ 
would give \l— ~3.8X10-7 emu/g.3 Our experimental 
value, x= — 2.9X 10~7 emu/g thus slightly favors a configu- 
ration of the second type. At low temperatures a Curie-type 
contribution of different magnitude6 always appears to be 
superimposed on xh (Fig- 1) suggesting an impurity content 
of about 10~4, which is close to the starting element purity. 
The constant positive Pauli-susceptibility XP m the metallic 
state, T> Tm, has been used to estimate the density of states 
at the Fermi level. Our ^/? = 8X55X 10"~7 emu/g gives 
N(EF) = 1.66 states/eV atom (literature value: 0.67 in these 
units6). 

In the case of BaCo09Ni01S2-), a shallow maximum ap- 
pears close to TN<=* 250 K, suggesting quasi-two-dimensional 
antiferromagnetic order.7'8 A spin compensated magnetic 
state also exists below TMI, however long range magnetic 
order has not been found.9 Some random magnetic compo- 
nent is also suggested by the difference of M(T) under zero 
field cooled (ZFC) and field cooled (FC) conditions (Fig. 1). 
Here, the field cooled magnetization curve for T< Tm differs 
slightly from the field warmed magnetization curve, but only 
when previously cooled in zero field. 

In the metallic state of CuIr2S4 (compound I, Fig. 2), 
phonon scattering of the conduction carriers plus scattering 
on impurities (residual resistance, originating from impuri- 
ties, vacancies, etc.), suffices to describe cr= l/p(T). In the 
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FIG. 1. Magnetic susceptibilities of CuIr2S4 and BaCo09Ni0 |S2-y vs tem- 
perature. 

insulating state, activated behavior occurs. It is unclear, how- 
ever, whether an Arrhenius law, ln(p/p0)= —AE/kT, or a Mott 
law, ln(p/p0) = — (T0/T)Ui, better describes the resistivity in 
the insulating state, as the effective activation energy AE (or 
kT0) changes strongly with the temperature (Fig. 2). Appar- 
ently, other CuIr2S4 samples can come closer to an Arrhenius 
law,6 suggesting a variable random component, most prob- 
ably a sulfur deficit S4~y. 

The heat conductivity K(T) of CuIr2S4 (Fig. 2) shows 
only a small anomaly at the transition between the high tem- 
perature metallic state and the low temperature activated 
(semiconducting) state. This suggests a compensating effect. 
For nonmagnetic materials, the heat conductivity is usually 
written as a sum:10 K= Kph+ Ke. As there is a structural 
change at TMI, a phonon part Kph could indeed counteract an 
electronic part Ke (Fig. 3). The ascending slope of K below 
Tm follows the general trend in insulators, K~1/T

2
.
10
 An 

almost constant K as observed in the metallic phase at high 
temperatures is typical for technical metals, i.e., suggests a 
large number of defects. 

The linear dependence of S in the metallic phase sug- 
gests diffusion thermopower Sd; from that EF<** 1 eV has 
been estimated.3 For the semiconducting phase, the thermal 
activation of the carriers determines S, e.g.,: S = {kle) 
X(AE/kT+ const.); assuming an Arrhenius law or, alterna- 
tively, S~\[f for a variable range hopping (VRH) regime.11 

VRH thus would explain the curved ascending part of S(T) 
for T<Tm. 

Activated behavior occurs in the insulating phase of 
BaCoo.9Nio.iS2-v (compound II), while a(T) is nearly con- 
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FIG. 2. Electrical and heat conductivities of CuIr2S4 and BaCo09Ni0 iS2_,, 
vs temperature and the TTE amplitudes. 

stant in the metallic state, again suggesting a large number of 
structural and/or spin defects. 

The activation energy in the insulating state decreases 
with the pressure, -8meV/kbar,' and increases with y, 
+ 4.5 meV/at. %.7 The y-dependence of the resistivity in the 
metallic state is stronger1 as is the pressure dependence.1'7 

This is probably due to increasing nonstoichiometry hole 
doping in the one case (y), while under pressure the carrier 
concentration would remain constant. 

The conductivity K is nearly constant, in the metallic 
state of BaCo09Ni01S2->,, although for metals we expect 

(a) l_ + 
K 

0 T, Ml        T 
0 T, Ml        T 

0 T, Ml        T 

(b) 

ph 

+ 
0 T»      T ° Tul      T • T»      j 

FIG. 3. Reconstruction of the step in heat conductivity at 7*MI of CuIr2S4 and 
BaCoo.9Ni0ilS2_}. 
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K~ \IT.n For the insulating phase, K is almost constant, too, 
i.e., a 1/r2 law is not observed. A small structure appears 
close to the Neel point 7^« 250 K, suggesting a magnetic 
contribution, Km, which is numerically small. We observe a 
significant step in both K and DT at Tm, with the higher heat 
conductivity in the metallic state, as expected. Either both 
/cph and Km are small, or change in the same direction as Ke. 
For both compounds, the low temperature state has the lower 
symmetry6'9 and thus the step in /cph should run parallel to 
the step in Ke in one case (II) and opposite in the other case 
(I), i.e., A/cph is not small and adds to AKC for compound II, 
while it subtracts for compound I (Fig. 3). 

S(T) of BaCo09Ni01S2-}, changes abruptly at 
rMi=230 K. The zero crossing suggests two types of carriers 
and a two-band model. S(T) of v = 0.05 indeed shows acti- 
vated behavior in the semiconducting phase—a fit yields 
A£ = 0.03 eV as compared to 0.09 eV from p(T). 

In the metallic and magnetic state one should find two 
contributions for S: a magnetic, Sm, and an electron diffu- 
sion part, i.e.,: S = Sm + Sd.

13 While the smaller negative val- 
ues of S below TMI are consistent with a metallic regime and 
electrons, the small ascending slope below rMj is not consis- 
tent with electron diffusion and thus suggests magnon or 
phonon drag. 

With increasing pressure, the MI transition of 
BaCo09Ni0 iS2_y shifts to low temperatures, and the resistiv- 
ity step at the transition increases. The critical pressure Pc at 
which the MI transition does not occur anymore (Fig. 2), is 
higher for higherTMI= Tc, that is for larger y. In Fig. 4, the 
similarity of the P-T diagrams for two compounds with dif- 
ferent y has been demonstrated by using reduced variables 
T/Tc and P/Pc. The compounds with smaller y can thus be 
regarded as a "precompressed" compounds in relation to the 
highest sulfur deficit y=£0.15, i.e., we may consider an effec- 
tive lattice contraction as a result of the action of the internal 
(structural or chemical) and external pressure, with a conver- 
sion ratio of about 1.5 at. %/kbar. With T and P critical but 
numerically different for various y, the concept of a critical 
volume at which the transition always occurs has been put 
forward.5 

III. PHASE TRANSITION MODELS 

The idea of a critical volume in BaCo0,9Ni0,1S2_:), is con- 
sistent with the microscopic model of this MI transition as 

proposed by Philips:15'16 here, it is proposed that the high 
temperature semiconducting state is stabilized through 
screening of the electrostatic charges by thermally activated 
carriers. At low temperatures the carriers freeze out, increas- 
ing the electrostatic energy of the crystal and a new (better 
screening, i.e., metallic) ground state may be installed. The 
introduction of many electronic states close to the Fermi- 
level of the metallic phase via the distortion would further 
stabilize the metallic phase (Fermi-level pinning/anti-Jahn- 
Teller effect16). Several observations are consistent with this 
approach: for example, applying pressure reduces the energy 
gap, - 8 meV/kbar,x thus prolonging the activated carrier 
screening and indeed the insulating state is stabilized under 
pressure. 

The nature of the transition in CuIr2S4 is still unclear. A 
valence mixture of iridium, say Ir+3/Ir+4, which might drive 
the change of state in a Verwey-type of transition, has been 
ruled out.6 Because of the cubic-tetragonal lattice distortion 
at Tm the transition has been classified as Jahn-Teller-like. 
The (t2g)4 orbital of Ir in octahedral configuration is twofold 
degenerate and could be split by distortion. However, as the 
observed distortion is rather small and as a Jahn-Teller effect 
has not been observed directly, the distortion might not be 
the driving force but a secondary or coupled order parameter. 
Thus, alternatively, a condensation of quasiparticles (e.g., 
Jahn-Teller-polarons) into a gap state has been discussed.14 
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Magnetocrystalline anisotropy of (Fe1_xCox)3P 
A. Broddefalk,a) P. Granberg, and P. Nordblad 
Department of Materials Science, Uppsala University, Box 534, S-751 21 Uppsala, Sweden 

Hui-ping Liu and Y. Andersson 
Department of Inorganic Chemistry, Uppsala University, Box 538, S-751 21 Uppsala, Sweden 

The magnetocrystalline anisotropy energy (MAE) of (Fe1_J.CoJ.)3P (* = 0, 0.1, 0.2, 0.33) has been 
studied in the temperature range 5 K-300 K. The compound crystallizes in a tetragonal structure 
with three non-equivalent metal sites and shows an easy planar behavior with the magnetic moments 
aligned in the ab plane and the c axis as the hard direction. The MAE of Fe3P was investigated 
using magnetization measurements on a single crystalline sample. The anisotropy constants were 
found to be Kx« - 851 kJ/m3 and K2~9 kJ/m3 at 5 K and K^- 648 kJ/m3 and K2~ 11 kJ/m3 at 
300 K. The MAE of the cobalt substituted systems was investigated on sintered samples formed into 
spheres. Kx for these samples was calculated from a fit of the magnetization versus internal field 
strength using the law of approach to saturation. © 1998 American Institute of Physics. 
[S0021-8979(98)51511-3] 

I. INTRODUCTION 

Among the T3X compounds (T=3d element and 
X=nonmetal element), ordered magnetic structures are only 
found for X=P and group IV elements.1 The phosphides 
crystallize in a tetragonal system where Fe3P is ferromag- 
netic, Mn3P is antiferromagnetic and Ni3P and Cr3P are Pauli 
paramagnetic.2'3 The Co3P phase does not exist in the binary to" 
Co-P system.4 In previous studies of the magnetic properties 
of (Fe!_xM^)3P (M=Cr, Mn, Co, Ni) no information about 
the magnetocrystalline anisotropy can be found.2'3 

(Fe1_A.Cox)3P (x<0.37) crystallizes in the tetragonal 
Fe3P structure (see Fig. 1). In a previous report,5 structural 
and magnetic properties, such as the individual moments of 
each magnetic atom and the Curie temperature, were de- 
scribed. The total magnetic moment, the critical temperature 
as well as the cell parameters were found to decrease with 
increasing cobalt concentration. Neutron diffraction experi- 
ments on samples with compositions x = 0.1 and x = 0.33 
showed that the Co distribution is approximately 20% on 
position M(l) and 40% on both M(2) and M(3) (see Fig. 1). 
From magnetization measurements on oriented grains, per- 
formed by Meyer and Cadeville,6 the anisotropy constants of 
Fe3P were found to be Kl = - 530 kJ/m3 and K2 

= 240kJ/m3. Magnetization measurements on single crystal 
Fe3P made by Lisher et al.7 showed an easy-planar behavior 
with an anisotropy in the basal plane of 2 kJ/m3. 

Close to saturation, the magnetization process is gov- 
erned by the magnetocrystalline anisotropy energy (MAE) 
and the magnetostatic energy. In a uniaxial crystal, the MAE 
may be expressed as Ea = Kx sin2 8+K2 sin4 6+... where 9 is 
the angle of the magnetization with respect to the unique 
axis. For the easy-axis case, JK"X>0, while for the easy-planar 
case, Ky<0. For the easy-planar case, with an applied field 
Ha parallel to the unique axis, the magnetization at equilib- 
rium is given by 

"'Electronic mail: arvid.broddefalk@material.uu.se 

H = 
■(2K} + 4K2) 

fJL0Ms 

+ N M+- 
AK, 

fi0Ms 

2 M\ (1) 

where N is the demagnetization factor and Ms the saturation 
magnetization. In the polycrystalline case, one has to take an 
average over all possible orientations. Provided that \K}\ 
>\K2\, an expansion of M up to the third-order term leads 

M = M, 1 
1   / 2K, 1 2   / 2K, 1 

,   (2) 15 \fi0Msj  H
2     105 \fi0Msj  H

3 

where H is the internal magnetic field. K{ can thus be ob- 
tained from a fit of the magnetization according to 

Z 0 1/4 1/2 3/4 

M(D © O 
M(2)        (5) (p 

M(3)      (D      m 
P O © 

FIG. 1. The crystal structure of Fe3P projected on the (001) plane. 
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FIG. 2. Saturation magnetization vs temperature for (Fe1_J.CoJl)3P. Ms is 
derived from fits of the experimental magnetization curves to the law of 
approach to saturation. 
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This equation is called the law of approach to saturation. The 
determination of K^ using this method has some drawbacks. 
The magnetization rotation is not the only process involved. 
Local fields due to inhomogeneities and field induced in- 
creased spontaneous magnetization complicate the M vs H 
behavior. Instead of Eq. (3), the law of approach to satura- 
tion obtained by experiment is 

(4) M = MS\ i-Jj-Jp-Jpj+xH, 

where a is an inhomogeneity parameter and x is the suscep- 
tibility, which also takes care of a dia- or paramagnetic con- 
tribution from the sample holder. 
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FIG. 3. Ki vs T for (Fe, -xCox)3P. The estimated error in the data points 
due to scatter in the raw data and an uncertainty in the fitting procedure are 
about 40 kJ/m3 for x = 0, 0.2 and 0.33 and about 60 kJ/m3 for x = 0.1. The 
difference is due to a difference in the sample masses. 
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FIG. 4. K{ at three different temperures vs x. 

II. EXPERIMENTS AND RESULTS 

A single crystal disc of Fe3P with the c axis in the disc 
plane was measured in a Quantum Design MPMS 5.5 T su- 
perconducting quantum interference device (SQUID) magne- 
tometer. The magnetocrystalline anisotropy constants Kx and 
K2 were obtained by fitting Ha vs M data to Eq. (1). K2 was 
found to be small and positive (K2<20 kJ/m3<§|£'1|). Mag- 
netization measurements on spherical sintered samples of 
(Fe1_xCoA.)3P were carried out in a 5 T LakeShore magne- 
tometer. The M vs H curves were analyzed using Eqs. (2) 
and (4). An easy planar behavior with JC2<^|i5T1| has thus 
been assumed for all temperatures and for all Co concentra- 
tions. For all the samples, the alH term was omitted since 
the curve fits were not improved by it. In Fig. 2 the tempera- 
ture dependence of the saturation magnetization is shown. 
The anisotropy constants of the different samples is plotted 
versus temperature in Fig. 3. In this region of Co concentra- 
tion, the critical temperature decreases almost linearly from 
692 K for x = 0 to 646 K for x = 0.33.5 

The systematic difference in magnitude of Ky for Fe3P 
as derived from measurements on the single crystal com- 
pared to the results from the polycrystalline sample is prob- 
ably due to some inadequacy in the derivation of Kx from 
Eq. (4) using a limited field interval (9 kOe-50 kOe). The 
relative variation of K^ with temperature and Co concentra- 
tion should however be adequately captured. \K]\ decreases 
quite regularly with temperature for all the samples. It is 
noticeable however that there is an increase of \K\\ with x at 
low Co concentrations followed by a clear decrease at large 
values of x (see Fig. 4). First principles calculations of the 
MAE of (Fe1_^Coi)3P (Ref. 10) are now in progress. 
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Magnetic moment and hyperfine field on Fe sites in RFe6Sn6 compounds 
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Electronic structure and hyperfine fields are calculated for antiferromagnetic YFe6Sn6 using the 
linear muffin-tin orbital method. The results show that Fe atoms have a strong ferromagnetic 
character with a full majority-spin band. The Fe moment is 2.2 /LLB while the Fermi contact term 
contributes a hyperfine field of 20 T at the natural lattice parameters. The hyperfine field is close to 
the experimental value of 22 T measured at low temperature. The calculation shows that the core s 
electrons contribute 24 T to the hyperfine field, but the 4.? electron contributes 4 T in the opposite 
direction. Calculations using different unit cell volumes reveal that only the core electron 
contributions to the hyperfine field are proportional to the Fe magnetic moment with a conversion 
factor of 11.8 T/fiB; the 4s contribution is not. The large local Fe moment and small hyperfine field 
are similar to those found in Fe2P and FeO. © 1998 American Institute of Physics. 
[S0021-8979(98)51611-8] 

I. INTRODUCTION 

Fe-based heavy rare earth stannides of chemical formula 
RFe6Sn6 with HfFe6Ge6-derived crystal structures were first 
reported by Malaman et al.1 and by Wang et al.2 The rare- 
earth atoms and Sn-Sn dumbbell pairs in RFe6Sn6 occupy a 
single crystallographic site in the HfFe6Ge6-type unit cell in 
a complex way which makes otherwise equivalent Fe sites 
distinguishable. The nearest Fe-Fe distances are around 2.68 
Ä, 5% larger than in a-Fe. The well-separated Fe atoms lead 
to strong ferromagnetism with a large magnetic moment. Re- 
cently we reported the results of a 57Fe Mössbauer study of 
RFe6Sn6 (R=Y, Gd, Tb, Dy, Ho, Er, and Tm) at room tem- 
perature and at 25 K.3 The spectra show a single sextet even 
though there are several Fe inequivalent iron sites in the unit 
cell. Hyperfine fields are almost the same for all R elements. 
At 25 K the values are around 22 T which would imply an 
average Fe moment of 1.5 /nB with the usual conversion fac- 
tor of 15 T/fiB found in many R-Fe compounds,4 0.7 /xB 

less than a-Fe. Because of the antiferromagnetism, the value 
of the Fe moment is difficult to obtain from magnetization 
measurements without a very high field. 

Here we study the electronic structure and hyperfine 
fields of YFe6Sn6 using the linear muffin-tin orbital (LMTO) 
method in order to examine the relation between magnetic 
moment and hyperfine field on Fe sites. Calculations were 
made on expanded and contracted unit cells as well as at the 
natural cell volume. 

II. BAND CALCULATION METHOD 

The crystal structure of YFe6Sn6 is derived from the 
HfFe6Ge6-type unit cell (Fig. 1) described by space group 
P6/mmm where Fe 6i sites form planar layers. Ideally, the 
Y atoms occupy the Hf-lb site while Sn atoms enter into 
Ge-2c and Ge-2d sites and dumbbell Ge-2e sites. However 
real YFe6Sn6 crystallizes in a far more complex structure 
defined by the space group Cm cm with 208 atoms and 9 

inequivalent Fe sites in each unit cell. This complexity 
comes from the distribution of Y atoms and Sn-Sn 2e 
dumbbell pairs among the Hf-lb sites. Since the Mössbauer 
spectrum of the compound did not differentiate the Fe sites, 
an approximation is made to simplify the complex structure: 
we used the HfFe6Ge6-type structure to define the unit cell 
and to assign the atomic positions according to the 
HfFe6Ge6-type TmFe6Sn6.5 Detailed information is shown in 
Table I. The lattice parameters of YFe6Sn6, a = 5.371 Ä and 
c = 8.894 Ä, are taken from the experimental x-ray diffrac- 
tion pattern based on the HfFe6Ge6-type structure. The ratio 
of c/a is kept constant for calculating the band structures for 
varied unit cell volumes. Concerning the magnetic structure, 
we assume a ferromagnetic coupling within the Fe layer and 
an antiferromagnetic coupling between the layers within one 
unit cell. Because of this antiferromagnetic coupling, the unit 
cell has to be doubled along the c direction to allow for the 
crystallographic and magnetic symmetry. 

The LMTO6 has been employed within the atomic 
spheres approximation (ASA). Exchange and correlation in- 
teractions were treated with the local spin density functional 
(LSDF) approximation, using the form given by von Barth 

C.      Ge-2e 

Hf-lb 

"'Electronic mail: huanlab@aphy02.iphy.ac.cn FIG. 1. The unit cell of HfFefiGe6. 
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TABLE I. Crystallographic data used for the YFe6Sn6 band calculations. 

Structure 
Compounds type Space group Atomic position 

YFe6Sn6 HfFe6Ge6 hP13 Fe 6;     (1/2, 0, 0.251) 

(P6/mmm, Snl 2e     (0, 0, 0.162) 
No. 191) Sn2 

Sn3 
Y 

2d    (1/3, 2/3, 1/2) 
2c     (1/3, 2/3, 0) 
lb    (0,0,1/2) 

and Hedin7 and by the parameters used by Janak.8 The 
scalar-relativistic approximation was used without consider- 
ing the spin-orbit coupling.9 In the ASA, in most cases there 
is a reasonable region for choosing the ratio of the Wigner- 
Seitz sphere radii for different elements which only results in 
a variation of calculated moments of 0.05 [MB per magnetic 
atom, even smaller than the neglected orbital contribution. In 
the calculations reported here, the ratio rY:rFe:rSn of 
1.35:1:1.1 was chosen. With the experimental lattice param- 
eters, the maximum overlap of the atomic spheres is less than 
25%, which ensures a reliable convergence of the self- 
consistent calculations. The basis set of valence states is 4s, 
4p, and 3d for Fe and 5s, 5p, and 4d for Y and Sn. The 
number of k points in the irreducible part of the Brillouin 
zone on which the calculation of the self-consistent potential 
was based was chosen to be 84. The total energy converged 
to within 10-4 Ry. 

III. RESULTS AND DISCUSSION 

The density of states (DOS) of the Fe 3d band in 
YFe6Sn6 with the natural lattice parameters and at 12.5% 
volume expansion or contraction are shown in Fig. 2. In all 
cases the majority and minority 3d bands are well split, with 
the Fermi level above the majority band, a typical feature for 
a strong ferromagnet. This is the result of the large Fe-Fe 
nearest-neighbor distance in YFe6Sn6. The trend was clearly 
demonstrated on a-Fe band structures with different lattice 
parameters: its magnetic state at the natural lattice parameter 
a = 2.86Ä is a weak ferromagnet. At larger lattice param- 
eters, the 3d electrons become more localized. The band- 
width decreases and the Fermi level shifts towards the top of 
the spin-up subband. When the lattice parameter reaches 
2.96 Ä (the Fe-Fe distance is 2.56 Ä), the 3d spin-up band 
is full. The ferromagnetic state now has a strong ferromag- 
netic character. Since there are no other electrons available, 
the increased states in the spin-up band of a-Fe can only be 
filled by its spin-down 3d electrons. The net magnetic mo- 
ment increases until strong ferromagnetism is realized. In 
comparison, the Fe-Fe distance in YFe6Sn6 is 2.68 Ä. A 
strong ferromagnetic feature is expected when the lattice pa- 
rameter dependence is similar to that of a-Fe. The long tail 
with energy below -0.3 Ry is due to the Sn hybridization, 
which can be recognized by the Sn-2e band (inset in Fig. 2). 

The calculated magnetic moment of Fe, which is 2.2 fiB 

at the experimental lattice parameters, is much higher than 
the value estimated from Mössbauer spectra but lower than 
the moment in a-Fe with the same Fe-Fe distance. Charge 
transfer and hybridization of neighboring Sn electrons reduce 

-0.8 -0.4 0.0 

E - EF ( Ryd ) 

FIG. 2. The density of states at iron sites in YFe6Sn6 with (a) 12.5% volume 
contraction, (b) natural unit cell volume, and (c) 12.5% expansion. Inset is 
the DOS of the Sn-2e site. 

the value of the moment. The corresponding hyperfme field 
is - 20 T. As the lattice parameters vary, both the magnetic 
moments [Fig. 3(a)] and the absolute value of hyperfme 
fields [Fig. 3(b)] increase with enlarged unit cell volumes. 
The 4 s contribution to the hyperfme field which increases 
linearly with the unit cell volume is opposite to the core 
contributions in direction. The latter feature is quite different 
from most of the R-T intermetallics where both contribu- 
tions are in the same direction, resulting in larger total hy- 
perfme fields. The reason is that the 4s valence electrons are 
polarized in the same direction as the Fe 3d moment. In 
many other R-Fe compounds, where the Fe 3d bands have a 
weak ferromagnetic character because the average Fe-Fe 
distance is only about 2.55 Ä, the 4s-3d hybridization then 
pushes the 4s majority weight above the Fermi level and 
leads to less 4s majority occupation. The opposite phenom- 
enon occurs for the minority band. This results in a nega- 
tively polarized 4 s shell, whose contribution to the hyperfme 
field is in the opposite direction to the Fe 3d moment but in 
the same direction as the core s electron hyperfme field. 
However in the strong magnetic state as in YFe6Sn6, the 
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FIG. 3. Unit cell volume dependence of (a) Fe magnetic moments and (b) 
Fe hyperfine fields in YFe6Sn6. 

majority 3d band is full. Direct ferromagnetic 4s mixing into 
the majority band dominates the above antiferromagnetic hy- 
bridization. The hyperfine field of the 4s electrons is in the 
same direction as Fe moment. Similar behavior was reported 
by Eriksson et al. for the Fe2P and FeO hyperfine 
interactions10 because in both cases the Fe atoms are strongly 
ferromagnetic. 

Upon plotting the hyperfine fields against magnetic mo- 
ments on Fe sites for different unit cell volumes, as shown in 
Fig. 4, only the contribution of core electrons to the hyper- 
fine field increases linearly with the local moment. The non- 
linear relation between the valence 4 s electron term in the 
hyperfine field makes the relation between the magnetic mo- 
ment and the total hyperfine field deviate from linearity. The 
slope of the core electron contribution is 11.3 T//^, just at 
the lower limit of the data observed experimentally. The total 
hyperfine field at the natural cell volume is 20 T, 10% lower 
than the experimental value measured at 25 K. This may be 
attributed to an overestimate of the valence contributions 
since the DOS already shows that the covalent tendency is 
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FIG. 4. The hyperfine fields as a function of magnetic moments on Fe sites 
in YFe6Sn6 with different unit cell volumes. 

relatively strong for the Fe6i'-Sn2e neighbors. The LMTO 
method has limited power in handling less itinerant systems. 

IV. CONCLUSION 

Because of the strong ferromagnetic character of the Fe 
electronic structure due to the large Fe-Fe nearest-neighbor 
distance and because of the electron transfer from neighbor- 
ing Sn atoms, the Fe atoms in YFe6Sn6 bear a large magnetic 
moment of 2.2 /JLB but show a relatively small hyperfine field 
of only 20 T. Proportionality of hyperfine fields and mag- 
netic moments on the Fe sites only holds for the core elec- 
tron contribution or when the valence electron contribution 
to the hyperfine field is negligible. 
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Neutron diffraction was used to determine the deuterium sites in TbNiAlD] 2% and TbNiAlD0 8. Both 
samples were found to crystallize in the orthorhombic Amm2 space group. Our analysis reveals that 
deuterium in TbNiAlD 128 occupies positions at x = 0 and x = 111 only, while TbNiAlD0 8 shows the 
formation of two different phases. For TbNiAlDL28, additional magnetic reflections are observed 
below 16 K indicating antiferromagnetic order. On the other hand, at 10 K, only one of the 
TbNiAlDo 8 phases was found to be magnetic. In addition, our study of the localized vibrations of 
hydrogen in TbNiAlH139 and in its non-magnetic analog YNiAlH135 using inelastic neutron 
scattering supports the existence of two different hydrogen sites in the saturated hydrides. © 1998 
American Institute of Physics. [S0021-8979(98)33611-7] 

Although hydrides of intermetallic compounds are used 
extensively as hydrogen-storage media,1 little is known 
about the exact nature of metal-hydrogen interactions. How- 
ever, this knowledge is of essential importance for the un- 
derstanding of thermodynamic and other properties. 

Magnetic order in intermetallic TbNiAl is based on well- 
defined 4/ moments, which are coupled by indirect exchange 
interaction of RKKY type. Ehlers and Maletta2 found that 
this compound undergoes two magnetic phase transitions 
around 23 and 47 K, forming complex magnetic structure. 
They reported, based on neutron-diffraction data, that mag- 
netic ordering occurs in two Tb sublattices, described by 
two different propagation vectors, i.e., q=( 1/2,1/2,1/2) and 
q=( 1/2,0,1/2). Recently, it was shown that introduction of 
hydrogen (deuterium) into TbNiAl can lead to drastic alter- 
ations of its magnetic properties.3 Furthermore, x-ray studies 
revealed that hydrogenation (deuteration) is accompanied by 
orthorhombic distortion of the hexagonal ZrNiAl-type 
structure,4 adopted by pure TbNiAl, but the location of H(D) 
atoms in the crystal lattice remained unknown. 

Here we report on some properties (crystal and magnetic 
structures, lattice vibration) of TbNiAl hydrides and deu- 
tendes studied by means of neutron diffraction and inelastic 
neutron scattering. 

Samples were prepared by arc melting. Several remelt- 
ings were done in order to achieve high homogeneity. Crys- 
tal structure of the obtained compound had been checked by 
x-ray analysis, which confirmed that it was a single-phase 
TbNiAl polycrystal. Hydrides (deutendes) were obtained as 
follows: first, the intermetallic compound was crushed and 
activated in the high vacuum of ~ 10"6 Ton at 350 °C for 1 

"'Permanent address: Department of Physics, New Mexico State University, 
Las Cruces, New Mexico 88003. 

h, afterwards it was cooled down to room temperature and 
exposed to H(D) at 10 atm pressure. Amount of absorbed H 
was determined by monitoring decrease of pressure in the 
calibrated volume. In order to obtain the lower deutende, the 
saturated sample was heated up to 155 °C and kept at this 
temperature until pressure has stabilized. Then the reaction 
chamber was disconnected from the hydrogenation system 
and cooled down to the room temperature. X-ray analysis 
was used to check to quality of the resulting compounds. 

For the neutron-diffraction experiments, powder samples 
of TbNiAlD, 28 and TbNiAlD08 were ground and sealed in 
vanadium tubes under helium atmosphere. Diffraction data 
were taken at various temperatures between 5 and 300 K 
using the powder diffractometers NPD and HIPD at the Lu- 
jan Center. NPD is a high-resolution diffractometer, used for 
crystal-structure refinements, with four detector banks cover- 
ing J-spacings up to 4 Ä, while HIPD is a high-intensity 
diffractometer, well suited for magnetic-structure refine- 
ments, with eight detector banks covering a range up to 20 
Ä. The data were analyzed by using the Rietveld-refinement 
program package GSAS. 

For the inelastic-neutron-scattering studies, hydroge- 
nated samples of YNiAlH, 35 and TbNiAlH! 39 were sealed 
under helium atmosphere in aluminum cans. Measurements 
were performed at low temperatures using the filter differ- 
ence spectrometer (FDS) at the Lujan Center. The spectra 
shown in Fig. 3 are obtained by numerical deconvolution of 
the instrumental function from the raw data.6 

Our Rietveld refinements on TbNiAlD128 and 
TbNiAlD0 8 indicate that both compounds form in the base- 
centered orthorhombic space group Amm2, with structural 
parameters as given in Tables I and II, respectively. Using an 
orthorhombic notation, a hexagonal unit cell can be de- 
scribed by the parameters a, b, c, and b = a^3. If the hex- 
agonal structure is distorted, we get a/b=tj3. Here we cho- 
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TABLE I. Refined structural parameters for TbNiAlD, 28 at 300 K. 

Atom Site X y z % occupancy 

Tb(l) Ae 0.5 0.2096 (2) 0.0434 (3) 100 
Tb(2) 2b 0.5 0 0.6550 (4) 100 
Ni(l) Ad 0 0.3319 (2) 0.2751 (3) 100 
Ni(2) lb 0.5 0 0.2481 (3) 100 
Al(l) Ad 0 0.1179 (4) 0.3339 (6) 100 
Al(2) 2a 0 0 0 100 
D(l) Ae 0.5 0.3330 (3) 0.2628 (6) 98±1 
D(2) Ad 0 0.3834 (3) 0.07775 (4) 94±1 

a=3.73422(7) Ä,  b = 12.3667(3) Ä,   c =7.627775(2) Ä;  R   factors:  i?H 

=4.8%; /?p=3.5%; Reduced *2=1.7. 

sed to use the standard notation of the space group Amm2, 
defined for this structure. Therefore, in the present article the 
coordinates a and c are interchanged, comparing to the no- 
tation mentioned above. 

Atom fractions of Tb, Ni, and Al were found to be very 
close to the exact 1:1:1 stoichiometry, and we subsequently 
refined only the D fractions in the two samples. 

The room-temperature refinement on TbNiAlD12g 
clearly indicates that only two different fourfold interstitial 
positions are occupied by D atoms (Table I) (which seems to 
be in contradiction to four different D positions in 
TbNiAlD j 04, recently reported by Yartys et al.7). The result- 
ing structure is shown in Fig. 1. 

The diffraction data on the second sample (which had a 
nominal composition of about TbNiAlD0 8) indicate the for- 
mation of two phases with quite different lattice parameters. 
The GSAS software package allows the parallel refinement 
of multiple phases, and our best fit yielded two phases: a 
main phase of TbNiAlD081 and an "impurity phase" of 
TbNiAlD083 with volume fractions of about 70% and 30%, 
respectively. The structure of the main phase is found to be 
closely related to those of TbNiAlDj 28 (Table II) with the D 
occupying positions in the x = 0 and x= 1/2 planes only. For 

TABLE II. Refined structural parameters of TbNiAlD08, main (phase 1) 
and impurity (phase 2) phases, at room temperature. 

Phase      Atom Site X y z % occupancy 

Tb(l) Ae 0.5 0.211 (4) 0.027 (2) 100 
Tb(2) 2b 0.5 0 0.636 (2) 100 
Ni(l) Ad 0 0.3286 (4) 0.205 (2) 100 

1            Ni(2) 2b 0.5 0 0.231 (2) 100 
AI(D Ad 0 0.125 (1) 0.335 (3) 100 
Al(2) 2a 0 0 0 100 
D(l) Ae 0.5 0.322 (1) 0.217 (3) 81±1 
D(2) Ad 0 0.346 (1) 0.015 (3) 44±2 

Tb(l) Ae 0.5 0.2069 (4) 0.052 (4) 100 
Tb(2) 2b 0.5 0 0.659 (4) 100 
Ni(l) Ad 0 0.3339 (7) 0.249 (3) 100 

2            Ni(2) 2b 0.5 0 0.247 (3) 100 
Al(l) Ad 0 0.117 (3) 0.353 (1) 100 
Al(2) 2a 0 0 0 100 
D(l) 8/ 44.0±0.4 
D(2) 8/ 16.7±0.7 

Phase 1: a=3.8396(l) Ä, 6 = 12.4571(6) Ä, c =7.2877(4) Ä; Phase 2: a 
=3.91174(8) Ä, 6 = 12.3524(8) Ä, c=7.1206(4)Ä; R factors: R„.= 10%; 
R„ = l%; reduced x = 12. 

Al     ©Ni   »D 

FIG.   1.   Crystal   structure  at  room  temperature  of TbNiAlD, 28  and 
TbNiAlD08 (main phase). 

the impurity phase, on the other hand, we have indications 
that the D atoms are located between those planes. However, 
data on a single-phase sample are needed in order to deter- 
mine their exact positions. The structure of the main phase 
(TbNiAlD081) is the same as the one shown in Fig. 1. For 
both phases, we find that only a fraction of the D positions 
are occupied (see Table II). 

For both samples, magnetic ordering sets in at low tem- 
peratures. In TbNiAlD, 28, the HIPD data revealed two extra 
peaks at 7.21 and 12.90 Ä, which occur below 16 K [Fig. 
2(a)]. These reflections are magnetic in origin and can be 
indexed in the Amm2 cell with doubled a and b axis, indi- 
cating a magnetic propagation vector of q=( 1/2,1/2,0). 
Similarly, in the biphasic sample (TbNiAlD08), magnetic 
reflections are seen at the 20 K NPD data, which are absent 
at room temperature [Fig. 2(b)]. Closer inspection reveals 
that some magnetic contributions can be indexed assuming a 
cell doubling of a and b axis of the main phase, where the D 
atoms occupy x = 0 and x= 1/2 positions. 

These findings provide evidence that D may occupy dif- 
ferent positions in the crystal lattice, and magnetic properties 
of the material are strongly dependent on the location of 
those atoms. The location of D (H) in these materials seems 
to be extremely sensitive to small differences in such condi- 
tions, as sample preparation, aging, etc. This may explain 
recent bulk magnetic results, where different behavior was 
reported for some TbNiAl deuterides and hydrides with 
equal nominal compositions.3 Furthermore, our neutron re- 
sults indicate a ratio between main and impurity phases of 
TbNiAlD08 of about 3:1, while x rays performed some few 
months earlier indicated a phase ratio of 10:1 only.8 This 
may indicate that (some of) the phases are not stable enough 
and decomposition or phase transformation may influence 
the properties in addition. A detailed study of samples with 
different history is required in order to confirm this. 

Hydrogen vibrations in metals can be observed only by 
inelastic neutron scattering, which selectively probes hydro- 
gen motions because of the large neutron scattering cross 
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FIG. 2. Portion of the powder patterns for (a) TbNiAlD, 2g taken at 14 and 
16 K on HIPD, and (b) TbNiAlD0.8 taken at 10 K and at room temperature 
on NPD. Magnetic reflections seen at low temperature in the upper pannels 
are marked by arrows. 

section of hydrogen. The vibrational spectra of hydrogen for 
TbNiAlH! 39 and its nonmagnetic9 analog, YNiAlH, 35, mea- 
sured at 40 and 20 K, respectively, are displayed in Fig. 3. 
The deconvoluted spectra were fitted using a Gaussian line 
shapes for the peaks. The results are shown as a solid lines in 
Fig. 3. 

The YNiAlH! 35 spectrum shows three main bands at 
about 430, 937, and 1200 cm-1. In addition, shoulders at 
540, 832, and 1055 cm"1 can be distinguished. The results 
are very similar to those obtained on LaNi5H015.10 In that 
work, the existence of two H sites was assumed, because, in 
absence of any degeneracy, each H site gives rise to three 
vibrations modes. NMR measurements on YNiAlH,. by Ban- 
dyopadhyay et al.n also indicate that H occupies two differ- 
ent interstitial  sites,  with different degrees of mobility. 

(b) 

500 1000 1500 

Energy (cm1) 
2000 

FIG. 3. Inelastic-neutron-scattering results of (a) YNiAlH, 35 at 20 K and (b) 
TbNiAlH, 39 at 40 K. The gaussian fits represent the localized hydrogen 
vibrations. 

Therefore, we may assume a similar assignment of the 
modes observed in YNiAlH! 35: the strong bands are charac- 
teristic for the first hydrogen site, while the shoulders may be 
assigned to the second site. 

Our spectrum of TbNiAlHi 39 is similar to the spectrum 
of YNiAlHi 35: main vibrational bands observed at 449, 935 
(with shoulder at 857 cm"1), and 1203 cm"1 (with shoulder 
at 1110 cm"1). However, the scattering intensity around 
540 cm"' is now split into two peaks, which are located at 
535 and 606 cm"1, respectively. 

In conclusion, we propose an assignment of the vibra- 
tional modes YNiAlH135 and TbNiAlH139 to specific H 
sites. Nevertheless, a reliable assignment of the modes is 
possible only with the aid of calculations. For this purpose, 
we have initiated a vibrational analysis for these systems. 
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Thermal transport in Sr1_xCaxRu03 
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National High Magnetic Field Laboratory, 1800 E. Paul Dirac Drive, Tallahassee, Florida 32306 

We have studied the thermal conductivity K(T,B) (6<T<250K,0<B<15T) of single crystals of 
SrRu03, a ferromagnet with Tc= 160 K, and isostructural but paramagnetic CaRu03, as well as the 
intermediate crystals (Sr, Ca)Ru03 for the purpose of probing charge carrier (Ke), phonon (Kp), 
and magnon (Km) excitations in these systems. The contributions of electron and phonon scattering 
processes to the thermal conductivities have been estimated using a Wiedemann-Franz relationship 
to estimate Ke and thus obtain Kp at higher temperatures. Roughly 50% of the thermal conductivity 
is estimated to be phononic near room temperature. Amorphous behavior is observed in the doped 
samples, and no break in the thermal conductivity is seen at the ferromagnetic onset. A comparison 
of magnetothermal conductivity and magnetoresistivity measurements at lower temperatures in 
SrRu03 and CaRu03 reveals that additional scattering mechanisms have become important. These 
investigations argue for the importance of phonon and magnon contributions, in addition to 
electronic contributions, to the magnetic behavior in Sxx _ .^a^RuC^. Results will be discussed in 
relation to recent theoretical work on these systems and measurements on related systems. © 1998 
American Institute of Physics. [S0021-8979(98)33711-l] 

I. INTRODUCTION 

SrRu03 and CaRu03 along with the mixed crystals, i.e., 
(Sr, Ca)Ru03 are interesting systems where electron correla- 
tions and lattice distortions may have a profound impact on 
their ground state electronic and magnetic properties.1 Al- 
though SrRu03 and CaRu03 are isostructural, crystallizing in 
a distorted perovskite structure with similar lattice param- 
eters, SrRu03 is an itinerant ferromagnet with rc=160K, 
while CaRu03 remains paramagnetic to 30 mK apparently 
due to a slightly more distorted structure, due to Ca's smaller 
ionic radius (Sr=1.18 A vs Ca=1.00A). The stark contrast 
between SrRu03 and CaRu03 is surprising because the 
s -like character of Sr and Ca do not have a density of states 
at the Fermi surface and therefore should not be a driving 
force for the ground states of these two compounds.2 This 
lack of sensitivity of the magnetic ground state to Sr and Ca 
suggest that lattice distortions may play a dominant role in 
determining their ground states. The sensitivity of the mag- 
netic ordering to small structural changes is similar to the 
behavior seen in ferromagnetic lanthanum manganite 
perovskites,3 where the Mn-O-Mn bond angle is important 
to the magnetic ground state and magnetic ordering tempera- 
ture. Recently, work presented on the magnetic and transport 
properties of Srj __,.Ca^Ru03 single crystals indicates a steady 
decrease in the ferromagnetic transition temperature as the 
Ca concentration is increased, with signs of magnetic order- 
ing appearing at as low a concentration as x = 0.99, i.e., 1% 
Sr in CaRu03.4 In addition, the easy axis for magnetization 
within the ferromagnetic state of SrRu03 is in the ab plane 
and rotates out of the ab plane with increasing Ca doping. 
The magnetic hysteresis also appears to increase with in- 
creasing x for the mixed crystals. Since local lattice distor- 
tions appear to drive the magnetic ground state behavior of 

"'Present address: Department of Physics, Brookhaven National Laboratory, 
Upton, NY. 

the (Sr, Ca)Ru03 system, thermal conductivity measure- 
ments may be a useful probe of coupling of the lattice, i.e., 
phonons, to the magnetic and electronic excitations. 

Recent studies of the thermal conductivity in the lantha- 
num manganites indicate a large lattice contribution to the 
thermal conductivity, as well as a strong link between the 
lattice and the magnetic properties.5'6 The field dependence 
of the thermal conductivity of SrRu03 has been recently re- 
ported and evidence for magnons below the ordering tem- 
perature and coupling of the lattice to the magnons is 
demonstrated.7 In this article, the behavior of the thermal 
conductivity in Sr!_xCa^Ru03 will be presented and dis- 
cussed in the framework of the contributions of electrons and 
phonons to the total thermal conductivity, as well as to the 
nature of the ferromagnetism. 

II. EXPERIMENTAL RESULTS AND DISCUSSION 

Single crystals of SrRu03 and CaRu03 were grown by a 
flux growth technique described previously.4 The thermal 
conductivity was measured by a standard steady-state one 
heater, two thermometer technique. The thermometers used 
were 12.5 fim type E differential thermocouples; magnetic 
field dependences of the thermocouples were corrected.8 The 
heater was a 100 fl Ru02 chip heater with little temperature 
variation of the resistance over the temperature range of in- 
terest. The base temperature was monitored with a Cernox 
thermometer. Field was parallel to the c axis and the heat 
flow was applied along the a-b plane. Resistivity measure- 
ments were made using a standard four-probe dc technique, 
with field applied parallel to the c axis and current flow 
applied in the ab plane. Errors in the absolute values of the 
measurements are limited by the size of the samples, typi- 
cally 0.4 mmX0.4 mmXO.l mm, with an error from size cal- 
culations determined to be <10%. 

In Fig. 1 is shown the thermal conductivity K(T) versus 
temperature measured for several Sr, _j.CaxRu03 crystals. 
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n x = 0.0 
o x = 0.25 
0 x = 0.5 
X x= 1.0 
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W(e)=- + bT2 
(1) 

FIG. 1. Thermal conductivity vs temperature for Sr,-^Ca^RiiC^. The ferro- 
magnetic Curie temperatures Tc are indicated by arrows. 

The magnitudes of K(T) at 250 K, ranging from 8 to 1 
W/mK are comparable to values reported for LaMn03 

(Refs. 5, 6) as well as YBCO.9 In comparison, the thermal 
conductivity of a good metal is much larger, e.g., Cu at room 
temperature is on the order of 400 W/m K. Shown in Fig. 2 
is the temperature dependence of the resistivity for 
(Sr, Ca)Ru03; like the high-temperature superconducting 
compounds, the resistivity at and above room temperature 
varies linearly with T. For SrRu03, the calculated mean free 
path is on the order of the lattice spacing, typical of "bad 
metals." 10 As shown in Fig. 2, a clear anomaly is seen in the 
resistivity at the Curie temperature, Tc. 

The thermal conductivities of both SrRu03 and CaRu03 

increase as the temperature decreases (dK/dT<0) at higher 
temperatures. An Umklapp-limited peak occurs as lattice im- 
purities dominate over phonon processes at approximately 
the same temperature, 60 K, followed by a drop in the ther- 
mal conductivity at low temperatures. For an electronic sys- 
tem, low-temperature thermal resistivity typically follows a 
power law given by 

where W(e)=l/K(e), alT represents impurity scattering, 
and bTz is due to electron-phonon scattering. At sufficiently 
low temperatures, the thermal conductivity then usually 
drops off as T. In addition, SrRu03 has a slope change in the 
thermal conductivity at the ferromagnetic ordering Tc for 
both the electrical and thermal conductivities. In contrast, the 
crystals with x = 0.25 and x = Q.5 do not display any anoma- 
lies in K(T) at Tc even though a clear anomaly is observed 
in the resistivity. At high temperatures, K{T) for x = 0.25 
and 0.50 behave similar to amorphous materials (dK/dT 
>0). The Umklapp-limiting peak is not present. This is 
similar to behavior seen in thermal conductivities measured 
for certain dopings of LaMn03.5'6 The amorphous-like be- 
havior of the thermal conductivity reflects a reduction in the 
mean free path of the carriers as increasing lattice impurities 
or distortions decrease the electron and phonon scattering 
lifetimes. This is puzzling since these are high quality single 
crystals. 

Resistivity data from Sr) _^Ca^Ru03 can be used to es- 
timate the electronic thermal conductivity using the 
Wiedemann-Franz law K(e) = L0T/p, where L0 = 2.4 
X 10"8 W/Ü K2 is the ideal Lorenz number, and p is the 
resistivity. Using data obtained from Fig. 2, and assuming 
that in this region K(toi)=K(e)+K(ph), the phonons account 
for —50% of the thermal conductivity. By comparison, in a 
good metal like Cu the phonon portion will be on the order 
of 5%. An estimate of the Lorenz number for SrRu03 has 
been obtained assuming the anomaly in both p(T) and K(T) 
is solely driven by critical scattering of the electron trans- 
port. In Fig. 3, an expanded view of K(T) and p(T) above 
and below Tc are shown. Assuming that contributions to the 
magnetic critical scattering in the vicinity of Tc are elec- 
tronic in nature and the phonons only contribute a smooth 
temperature dependence to K(T), we can estimate the Lo- 
renz number from the following expressions: 

tf(tot) = tf(ph)+: 
LT 

(2) 

0.00035 

0.0003 

0.00025 

X x = 0.0 
o x= 0.5 
o X = 0.25 
D x = 1.0 

Sr    Ca RuO 
1-x       X 3 

50 100 150 200 

T  (K) 

250 300 

FIG. 2. Electrical resistivity vs temperature for Sr,_A.Ca^Ru03. The ferro- 
magnetic Curie temperatures Tc are indicated by arrows. 

dK 

If'' 
d£(ph)     L    LT dp 

dT + -+ — ^P- p     p   dT 
(3) 

Taking the limits as T^TC from both sides, the Lorenz num- 
ber for SrRu03 is determined to be L=1.63 
X 10"8 W/fl K2. This is smaller than the ideal Lorenz num- 
ber, L = 2.4X 10"8 W/n K2. 

To better understand the relative importance of electrons 
and phonons to K(T), the magnetic field dependences of 
K(T) and p(T) have been measured. Measurements of ther- 
mal and electrical magnetoresistivities are summarized for 
SrRu03 and CaRu03 in Fig. 4, where [p(ß)-p(0)]/p(0) 
and [W(B)-W(0)]/W(0) with W=\/K are shown. For 
SrRu03, the field dependences of the electrical and thermal 
resistivities are both negative at higher temperatures, as the 
resistance is decreased due to a reduction in electronic scat- 
tering processes. As the temperature is reduced, the electrical 
magnetoresistivity decreases, displaying a maximum near the 
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FIG. 3. (a) The slopes of K vs T above and below Tc. (b) The slopes of p 
vs T above and below Tc. These values are used to estimate a Lorenz 
number of L= 1.63X 10"8 W/fi K2 in SrRu03. 

ferromagnetic transition. Such behavior is characteristic of 
ferromagnetic systems where the damping of the ferromag- 
netic fluctuations in the vicinity of Tc leads to.a negative 
magnetoresistance peaking around Tc. However, the thermal 
magnetoresistance has a maximum value near the Umklapp- 
limiting peak, before decreasing and changing signs at lower 
temperatures. In CaRu03, the electrical magnetoresistance is 
small (<2%) at all temperatures, but the magnetothermal 
resistivity has a substantial contribution at temperatures be- 
low 60 K. This field dependence is unexpected, since there is 
no magnetic ordering in CaRu03. However, a very small 
percentage of doping (~ 1 %) does lead to magnetic tenden- 
cies in this compound. High field magnetization data, as well 
as a large Pauli susceptibility term, indicate that CaRu03 is a 
strongly exchange-enhanced paramagnet, which points to the 
possibility of spin fluctuations contributing to scattering pro- 
cesses at lower temperatures. 

In summary, the thermal conductivities for 
Sr1_xCaxRu03 have been investigated as a function of field 
and temperature. Using the Wiedemann-Franz Law and 
measured resistivity, 50% of the thermal conductivity is es- 
timated to be phononic near room temperature. An estimate 
of the Lorenz number has been obtained for SrRu03 assum- 
ing that the anomaly seen in both p(T) and K(T) is due to 
critical scattering of the electrons. A value smaller than the 
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FIG. 4. Plots of magnetoresistivity and magnetothermal resistivity at H 
= 10 T as a function of temperature. Shown are the electrical resistivity of 
SrRu03 (triangles), thermal resistivity of SrRu03 (diamonds) and thermal 
resistivity of CaRu03 (circles). 

ideal Lorenz number is obtained, L= 1.63 W/Ü K2. Amor- 
phous behavior is observed in the doped samples, and no 
break in the thermal conductivity is seen at the ferromagnetic 
onset even though a clear anomaly is seen in p(T). Also, 
field dependences of the thermal resistivities of SrRu03 and 
CaRu03 are not consistent with the electrical resistivities, 
which points to an additional contribution to the magnetic 
behaviors in addition to electronic scattering. Evidence for 
magnon-phonon scattering has been investigated for 
SrRu03, and the magnetic thermal conductivity of CaRu03 

is similar to behavior noted in other nearly magnetic 
systems.11 Research is continuing on these systems to better 
determine the role of phonon, electrons, and magnons to the 
transport properties of these interesting systems. 
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National High Magnetic Field Laboratory, 1800 East Dirac Drive, Tallahassee, Florida 32306 

R. P. Guertin 
Department of Physics, Tufts University, Medford, Massachusetts 02155 

Magnetization and magnetoresistivity of as-grown, oxygenated, and argon annealed single crystals 
of Ca3Ru207 are presented for 5<7"<300 K and 0<//<7 T. As-grown Ca3Ru207 has been shown 
to have an antiferromagnetic metallic phase for 48<r<56 K and 0<//<4 T, located between the 
high-temperature paramagnetic metallic and the low-temperature antiferromagnetic insulating 
phase. Details of the field dependence of the magnetoresistance of as-grown Ca3Ru207 show slight 
variations between the H- T metal-insulator and paramagnetic-antiferromagnetic phase boundaries 
as determined from magnetization and from magnetoresistance measurements, but 
well-characterized samples with oxygen addition or deletion show much more extensive variations. 
Oxygenation lowers the electrical resistivity and sustains the 6 T first-order field-induced magnetic 
transition for T< TM. However, magnetization is linear through the same field region, and argon 
annealed samples, with decreased oxygen content, show the same linearity of the magnetization. 
The results underscore the importance of oxygen content in the ruthenates, in analogy with the role 
of oxygen content in the cuprates. © 1998 American Institute of Physics. 
[S0021-8979(98)33811-6] 

Transition metal oxide systems with extended J-shell 
orbitals, particularly those of the Ad and 5d transition ele- 
ments, generally show metallic conductivity and a weak non- 
localized magnetic moment. Transition metal oxide systems 
with more localized d-shell orbitals, in particular those of the 
3d elements, tend to be more highly correlated and are often 
insulators with highly localized magnetic moments. Many of 
the transition metal oxide systems currently under intense 
scrutiny are exceptions to these rather general assertions, and 
they show anomalous properties because the electrons re- 
sponsible for the moment are degenerate or nearly so with 
those responsible for charge transport. The transition metal 
oxides of ruthenium fall into this category, and at least in the 
material studied most extensively, SrRu03, the J-electrons 
which give rise to localized-like magnetism are also respon- 
sible for the electrical transport, there being essentially no 
5-like contribution to the density of states at the Fermi 
surface.1 

Of the ruthenate materials studied to date, the aniso- 
tropic bilayered compound Ca3Ru207 possesses the most ex- 
tensive and varied array of properties.2 The high-temperature 
effective paramagnetic moment, 2A2/J,B /Ru, is close to that 
expected for the low spin state (S = 1) of the 4d4 Ru con- 
figuration, 2.83yU.ß/Ru. To date all work has been reported 
on as-grown single crystals of Ca3Ru207,

2 and this report 
focuses on more detailed measurements of the magnetic and 
transport properties of as-grown Ca3Ru2Ov but also reports 
preliminary data for oxygen annealed (oxygen-rich) and ar- 
gon annealed (oxygen-poor) samples. Details of sample 
preparation of the as-grown single crystals are given 
elsewhere.2 Some of the materials in this study were an- 
nealed in high purity oxygen for periods of up to two days to 
increase the oxygen content and others in high purity argon 
for the same period in order to deplete the oxygen content. In 

all the samples studied the Ca/Ru ratio was maintained ac- 
cording to analysis determined with a scanning electron mi- 
croscope using electron dispersive energy analysis. Anneal- 
ing times in excess of two days caused the samples to lose 
their as-grown shiny appearance and gave spurious electrical 
conductivity. 

In Ref. 2, we presented the magnetic and transport prop- 
erties of as-grown single crystal Ca3Ru207 for the purpose of 
describing an antiferromagnetic metallic (AFM) phase which 
spans the temperature range, 48=ST=S56 K, between the high 
temperature, T>TN= 56 K, paramagnetic metallic (PMM), 
and low temperature, T< TM = 48 K, antiferromagnetic insu- 
lating (AFI) phase. The transition from PMM to AFM is 
second order, the transition from AFM to AFI being first 
order. Detailed electrical resistivity versus temperature data, 
p(T), showing both transitions is shown in Fig. 1 for several 
values of the applied magnetic field, where the field is along 
the "easy" magnetocrystalline axis [110]. The inset shows 
p{T) for H = 0 over a more extensive temperature range. 
Several features of the data of Fig. 1 and the inset should be 
noted: (1) The resistivity is "metallic," i.e., dp/dT>0, for 
all T> TM but it has a very large magnitude, even in well- 
characterized single-crystal samples. This alone probably 
puts Ca3Ru207 in the "bad metal" category, namely, kF\ 
«0(1), where X is the quasiparticle mean free path calcu- 
lated if Boltzmann transport were to apply.3 (2) A puzzling 
aspect of p(T) for T>TM is the isotropy: there is practically 
no detectable variation in the p(T) for layered Ca3Ru207 for 
current along the [100], [010], or [001] directions, though 
there are large variations in the paramagnetic regime of a 
sister compound, Sr3Ru307,

4 which undergoes ferromagnetic 
transitions below about 105 K. (3) At T=TM, p{T) rises 
abruptly (and with slight thermal hysteresis) but does not 
attain large values as in the case of the canonical metal in- 
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FIG. 1. Detail of the electrical resistivity vs temperature in the region of the 
two magnetic transitions in Ca3Ru207 taken at several external magnetic 
fields along the "easy" magnetocrystalline axis, [110]. The arrows denote 
the Neel temperature for the various fields. The inset shows electrical resis- 
tivity at zero field over an extended temperature range. 

sulator transition material, V203. For T<TM, p{T) of 
Ca3Ru207 shows large anisotropy (factors of 0(2) between 
current parallel to [100] vs [001]), which suggests a struc- 
tural change or perhaps a shift in the conductivity to lower 
dimensionality at TM. 

One feature common to all as-grown samples of 
Ca3Ru207 is the very close coupling of spin and charge sys- 
tem at low temperatures as evidenced by their respective 
behavior at the several zero and high field transitions. Most 
recently, data taken in pulsed magnetic fields demonstrated a 
AFI to PMM transition for tfll[001], the "hard" magneto- 
crystalline axis: Both isothermal M(H) and p(H) for T 
<TM show a first-order-like transition at H=37T.6 For 
#11 [110], the "easy" axis (see data of Fig. 1), the transition 
occurs at much lower fields, 6 T. The pulsed field data dem- 
onstrate this close spin-charge coupling persists even in 
fields to 37 T. 

The data of Fig. 1 show for the first time the magnetic 
field dependence of the AFM transition determined from 
p{H,T) with //1I[110]. The break in the resistivity curve at 
TN= 56 K is apparent in this figure. Normally, this decrease 
could be associated with a Fisher-Langer7 type anomaly, 
i.e., spin flip scattering decreases for T<TN, thereby de- 
creasing p(T). However, that theory addresses s-wave scat- 
tering at localized magnetic sites, which does not at all re- 
semble the situation in the ruthenates because of the absence 
of ^-electrons at the Fermi surface. Nevertheless, the resis- 
tive anomaly is consistent with the loss of spin flip scatter- 
ing. The M-I transition becomes more rounded with in- 
creasing field, and the PMM-AFM transition is initially 
suppressed with field and then becomes more rounded. The 
field appears to have no effect on the M-I transition up to 4 
T, although there is some broadening of the onset, and the 
line of M-I transitions terminates at a critical point at H 
= 4 T and T=48 K. (The data of Fig. 1 are from a different 
sample than presented in Ref. 2.) The apparent transition at 
about 52 K for H=5 T may reflect some combination of 
field-induced magnetic and structural changes over a wider 
temperature range. 

45 50 
T(K) 

FIG. 2. Magnetization divided by applied field for Ca3Ru207 along [110] vs 
temperature in the vicinity of two magnetic transitions. The inset shows an 
expanded temperature range for 0.5 T applied field. 

In Fig. 2 we show the temperature dependence of the 
magnetization, M(H,T), for several applied fields with 
H\\[ 110], and as in Fig. 1, the data are shown for the vicinity 
of the PMM-AFM and AFM-AFI transitions. The inset 
shows the low field susceptibility data over a much wider 
temperature range, showing the magnetic ordering tempera- 
ture and the subsequent reduction of the magnetization be- 
low the M-I transition. The Neel temperature, TN, de- 
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FIG 3. (a) Electrical resistivity vs field along the easy axis for as-grown and 
oxygenated single crystals of Ca3Ru207 showing transition from the antifer- 
romagnetic insulating to the paramagnetic metallic phase, (b) Magnetization 
vs field for as-grown, oxygenated, and oxygen depleted samples in the vi- 
cinity of the field-induced phase transition of (a). 
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creases uniformly with field, in accordance with the 
resistivity data of Fig. 1. At low temperatures, the field- 
induced M-I transition is tightly coupled to the metamag- 
netic transition, indicating the charge and spin mechanisms 
are intimately related. This field-induced metamagnetic tran- 
sition results from strong anisotropic forces dominating the 
exchange forces, but near TN the anisotropic forces weaken, 
and a two-step metamagnetism appears.2 The M-I transition 
temperature, as measured by the sharp M(H,TM) drop, de- 
creases with increasing field and becomes more rounded. 
This is further evidence for a weakening of the anisotropic 
forces near TN. Yet, the p(H,T) measurements of Fig. 1 
indicate the M-I transition appears to be field independent, 
contrary to Fig. 2, thus suggesting that the charges and spins 
decouple in the vicinity of TN. 

Figure 3 illustrates some rather dramatic differences in 
magnetization and transport data obtained from as-grown 
samples vs. annealed samples. The as-grown data shown are 
the same as those in Ref. 2, but many other measurements on 
as-grown single crystals show nearly identical field-induced 
transitions. All data were taken at T= 15 K<TM and illus- 
trate the first-order character of the transition from the AFI to 
the PMM phase. Whereas the field-induced metamagnetic 
transition at H=6T can be seen from both resistivity and 
magnetization data for the as-grown crystals, the latter is 
absent entirely from the oxygen-rich and oxygen-depleted 
crystals. The drop in p(7\//=6T) is as precipitous at the 
transition field as in the as-grown crystal, decreasing to about 
50% of the zero field value. 

The data of Fig. 3 suggest a decoupling of the magnetic 
and transport properties in Ca3Ru207 with altered oxygen 
content. Preliminary measurements indicate the following 
consistencies: (1) The M-I transition temperature never var- 
ies from rM = 48K, as determined from p(T) measure- 
ments, regardless of the type of annealing procedure (except 
for highly oxygenated but not well characterized samples). 

(2) Oxygen-rich samples show generally higher conductivity, 
perhaps due to hole-like carrier doping, and oxygen-poor 
samples (argon annealed) show lower (sometimes nonmetal- 
lic) conductivity than as-grown crystals. (3) For both cases 
shown in Fig. 3 the field-induced metamagnetic transition is 
seen for resistive measurements but not magnetic measure- 
ments, at least to 7 T. The data suggest the "easy" axis may 
have shifted from [110], though the evidence from resistivity 
measurements suggests it has not. It is interesting that the 
susceptibility represented by MIH for non as-grown samples 
is the same as the susceptibility of as-grown samples for the 
field along the "hard" [001] axis, suggesting a major shift of 
the easy axis as a result of oxygen content (A shift in the 
easy axis of magnetization was found in Sri -xCa^RuC^ for 
0.2<x<0.5.8) 

Future high field experiments will attempt to quantify 
the role of oxygen content in magnetocrystalline anisotropy 
in the rufhenates. In general, we believe that for the ruthen- 
ates, oxygen content will be as important parameter in pre- 
dicting the physical properties as it is for the cuprates. 

This work was supported by the National Science Foun- 
dation under Cooperative Agreement No. DMR95-27035 
with the State of Florida. 
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Anisotropie magnetotransport properties of epitaxial thin films 
of conductive ferromagnetic oxide SrRu03 
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We have studied the crystallographic domain structure dependent anisotropy in the 
magnetotransport properties of epitaxial thin films of the conductive ferromagnetic oxide SrRu03. 
Single domain SrRu03 thin films on miscut (001) SrTi03 substrates exhibit a strong anisotropy in 
magnetization and magnetoresistance that reflects the inherent magnetocrystalline anisotropy of the 
material. In contrast, the SrRu03 thin film on (001) LaA103 substrate shows identical magnetization 
and magnetotransport properties in two orthogonal directions on the film due to the presence of 90° 
domains in the plane. For both films, large negative magnetoresistance effects (—10%) are 
observed when the applied magnetic field is parallel to the current due to the suppression of spin 
fluctuations near Tc and the anisotropic magnetoresistance effect at low temperatures. © 1998 
American Institute of Physics. [S0021-8979(98)31711-9] 

Since the discovery of colossal magnetoresistance 
(CMR) in doped perovskite manganite thin films,1 there has 
been a great deal of interest in the magnetoresistance of per- 
ovskite magnetic oxide thin films. Among the many perov- 
skite magnetic oxides SrRu03 is especially attractive, since it 
is a rare case of Ad itenerant ferromagnetism (rc—160K) 
with a GdFe03-type pseudocubic perovskite structure and a 
bulk lattice parameter of 3.93 A.2'3 This material exhibits 
strong magnetocrystalline anisotropy in single crystal bulk3 

and single domain thin film4 samples. It is also structurally 
and chemically similar to the LaMn03-based CMR materi- 
als. As in CMR materials, magnetic ordering decreases elec- 
trical resistivity in SrRu03 rendering it attractive for magne- 
totransport studies.5 

The successful growth of single crystal SrRu03 thin 
films on miscut SrTi03 substrates6 allows us to study the 
intrinsic anisotropic magnetotransport properties of SrRu03. 
Recently, we have controlled the growth mechanisms7 and 
domain structure8 of SrRu03 thin films by using miscut sub- 
strates. In this article, we report on the magnetization and 
magnetotransport properties of epitaxial SrRu03 thin films 
with different crystallographic domain structures. 

The SrRu03 thin films were deposited from a 2 in. diam 
stoichiometric composite target using a 90° off-axis sputter- 
ing technique9'10 on a vicinal (001) SrTi03 substrate miscut 
by 2° towards the in-plane [010] axis and an exact (001) 
LaA103 substrate. The thickness of the films is about 3000 
Ä. 

The film on 2° miscut (001) SrTi03 substrate grew 
by step flow due to the presence of a periodic step structure 
on the substrate.7 This film has a purely (110) texture normal 
to the substrate. All the crystallographic planes and direc- 

a)Electronic mail: eom@acpub.duke.edu 

tions for SrRu03 referred to in this work are based on 
the orthorhombic unit cell. As the miscut direction is close 
to the [010] direction of the substrate, the one directional 
step flow leads to a single domain film with an in-plane 
epitaxial arrangement of SrRuO3[Il0]//SrTiO3[010] and 
SrRuO3[001]//SrTiO3[100].8 Furthermore, due to the small 
lattice mismatch between SrRu03 and SrTi03 this film has a 
coherent growth resulting in a strained lattice with in-plane 
and out-of-plane lattice parameters of 3.90 and 3.96 Ä, re- 
spectively. 

The film on LaA103 substrate has a three dimensional 
island growth mechanism7 due to the large lattice mismatch 
with the substrate. Therefore, this film has a strain-free lat- 
tice with both in-plane and out-of-plane lattice parameters 
the same as that of the bulk material (3.93 Ä). The out-of- 
plane film texture is a mixture of (110) and (001) normal to 
the substrate. 

The influence of the domain structure on the magnetiza- 
tion of the films was studied with a superconducting quan- 
tum interference device (SQUID) magnetometer. The 
samples were cooled in a magnetic field of 0.05 T applied 
parallel to the film surface. Magnetization measurements on 
the single domain film showed an anisotropic behavior with 
the in-plane [110] direction being the easier axis for magne- 
tization compared to the [001] direction, which is in agree- 
ment with previously reported results. Accordingly, this film 
showed a fully saturated magnetization at low temperatures 
(~5 K), when the field is applied along the [110] direction, 
as shown in Fig. 1(a). However, an unsaturated and lower 
magnetization (—65% of the value in the [110] direction) is 
obtained when the field is in the [001] direction. In contrast, 
the film on LaA103 shows identical unsaturated magnetiza- 
tion when the field is applied along any of the two orthogo- 
nal directions on the film surface due the presence of 90° 
domains in the plane of the film, as shown in Fig. 1(b). 
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FIG. 1. Temperature dependence of magnetization of (a) single domain 
SrRu03 thin film on miscut SrTi03 and (b) multidomain SrRu03 film on 
(001) LaA103 substrate. The inset shows the field direction with respect to 
the crystallographic directions of the film and substrate denoted by the sub- 
scripts F and S, respectively. 

Magnetoresistance (MR) measurements were performed 
on these films using an Oxford Instruments MAGLAB 
2000™ materials characterization system. For the single do- 
main SrRu03 thin film, the resistivity was measured in four 
orientations of the J (current density) and H (applied field) 
directions with respect to the in-plane [110] and [001] direc- 
tions of the film (i.e., J||HII[flO]; JIIHII[001]; J±H, 
Jll[001]; and Jll[110]). In contrast, for the film on an exact 
(001) LaA103 substrate, the resistivity was measured along 
the [010] and [100] directions of the LaA103 substrate in two 
orientations (JIIH and JlH) because of the equivalence of 
the two orthogonal directions. The temperature dependence 
of resistivity was measured by zero-field cooling (ZFC) and 
field warming. 

The temperature dependence of resistivity for both the 
films in zero applied field shows the characteristic change of 
slope at the Curie temperature (Tc) signifying a ferromag- 
netic phase transition. Above Tc the resistivity increases lin- 
early with temperature and is expected to continue without 
saturation.11 The Tc of the film on SrTi03 (~ 120 K) is also 
significantly lower than that for the film on LaA103 substrate 
(!TC~155K). This Tc suppression in the films on SrTi03 

substrate is believed to be due partly to the coherent growth 
induced lattice strain in these films.12 Furthermore, it is be- 
lieved that this film might be a little deficient in Ru, which 
could also contribute to the Tc suppression. 

The magnetoresistance was calculated as: MR=[p(H) 
-p(0)]/p(0), where p(H) and p(0) are the resistivity at a 
field H and at zero field, respectively. The largest MR among 
all four combinations of J and H directions is observed at 
low temperatures, when the current and field are parallel to 

100 200 300 
Temperature (K) 

FIG. 2. The negative AMR vs temperature for a single domain SrRu03 film 
on 2° miscut (001) SrTi03 substrate toward the [010] direction at applied 

fields of 4 and 8 T with JII[U0]. 

the [110] direction.13 We believe that this is due to the [110] 
direction being the easier axis for magnetization compared to 
the [001] direction. The spins are more easily aligned in the 
[TlO] direction which accounts for the larger change in re- 
sistivity due to the magnetic field. 

A large negative MR is observed at temperatures just 
below Tc in all orientations of the current and field which has 
already been attributed to the suppression of spin 
fluctuations.14 Furthermore, the negative MR is larger when 
the applied field is parallel to the current, especially at low 
temperatures. This is due to the anisotropic magnetoresist- 
nace (AMR) effect. The AMR effect is the change in angle 
between the magnetization and current because of magneti- 
zation rotation observed at high fields that are smaller than 
the anisotropy field. Such an AMR effect has been observed 
in single domain SrRu03 thin films at a field of 6 T and is 
found to increase as the temperature is lowered below Tc.

15 

Figure 2 shows the negative AMR as a function of tem- 
perature at two different values of applied field for the single 
domain film with current along the miscut direction. The 
AMR is measured as the ratio of change in resistivity to the 
average resistivity as shown below: 

Ap_3(p|-Pl) 

Pav       (Pll + 2pi)' 
where pB and p± are resistivities with H parallel and perpen- 
dicular to the current direction. The AMR is unusual in sign 
since usually pL is less than plt. The magnitude of the AMR 
is —8% at low temperatures and high fields. Clearly, the 
AMR increases as the field is increased and the temperature 
is lowered. As the easy axis of SrRu03 lies in the (001) plane 
making an angle of 30°-45° with respect to the [110] 
direction,4 complete orientation of M along the applied field 
direction does not take place when the field is applied in the 
(110) plane. Therefore, as the field is increased the angle 
between M and the current changes leading to the AMR 
effect. It has been shown that the Lorentz force component 
for H1J in these films is negligible.14 Furthermore, if Lor- 
entz force were to dominate, a positive MR should have been 
seen above Tc for Hl J. However, all films show negligible 
MR above Tc which suggests that the difference between 
HWJ and Hl J is primarily due to the AMR effect. 

The field dependence of the magnetoresistance was also 
measured in the four combinations of J and H directions. 
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FIG. 3. MR vs field of a SrRu03 film on a 2° miscut SrTi03 substrate with 
(a)JII[l"lO] and(b) Jll[001]. 

The samples were heated to above Tc in zero field between 
successive MR versus field measurements, in order to erase 
any hysteresis effects. Figures 3(a) and 3(b) compare the 
hysteresis in the MR versus field data at 5 K for the single 
domain SrRu03 thin film with the current along the [110] 
and [001] direction. As the film is single domain, the mag- 
netocrystalline anisotropy of SrRu03, which is attributed to 
the large spin-orbit coupling of Ru, contributes to a strong 
anisotropy in the MR behavior seen in Fig. 3. The hysteresis 
effect itself is related to the magnetization hysteresis. The 
peak in the MR hysteresis corresponds to the coercive field 
and the point of overlap between the forward and backward 
sweeps of the field corresponds to the saturation field. As the 
applied field is increased beyond saturation, the magnetiza- 
tion of the sample does not change significantly, but magne- 
tization rotation occurs contributing to a larger negative MR 
when JIIH due to the AMR effect. 

The magnetoresistance properties of the multi domain 
film on LaA103 were also measured. In contrast to the single 
domain film, the resistivity of this film has an additional 
contribution from the crystallographic domain boundaries 
due to the incoherent three dimensional island growth. The 
temperature dependence of MR for the film on LaA103 

showed features similar to that of single domain film on 
miscut SrTi03. A sharp increase in MR at Tc and larger MR 
at low temperatures are observed when the field and current 
are parallel. 

The field dependence of MR shows some differences 
compared to the single domain film, as seen in Fig. 4. The 
MR at 5 K is shown in two orthogonal directions with JIIH 
and J1H. When the sample was rotated by 90° the MR 
behavior obtained was identical due to the equivalence of the 
two orthogonal directions within the plane. The grain size of 
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FIG. 4. MR vs field of a SrRu03 film on an exact (001) LaA103 substrate 
with JIIH and J1H. 

these films, as observed from scanning tunneling microscopy 
images7 and the magnetic domain wall spacing of similar 
films observed by Lorentz microscopy imaging,16 are com- 
parable (~2000 Ä). Therefore, it is believed that the film on 
LaA103 does not have any magnetic domain walls. The crys- 
tallographic domain boundaries in this film act as magnetic 
boundaries as well and the change in relative orientation of 
the magnetization of adjacent crystallographic domains con- 
tributes to the hysteresis. 
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Giant spontaneous Hall effect and magnetoresistance 
in La^^Ca^oOa (0.1^x^0.5) 
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Results of resistivity and Hall effect measurements in La!_xCa^Co03 (0.1^x^0.5) epitaxial films 
and ceramics are presented. The spontaneous Hall effect in Lai-^Ca^CoC^ (LCCO) is observed for 
ferromagnetic samples with x3=0.2. The Hall effect is largest near the magnetic percolation 
threshold x = 0.2. For x = 0.2, the low-field slope of the Hall resistivity, pxy/(/x0H), attains a large 
value of 2X10"6 m3/C below the Curie temperature Tc, which may be applied to sensitive 
low-field detection. Except near the magnetic percolation threshold, the longitudinal resistivity of 
LCCO decreases with increasing field at all temperatures. Anomalous temperature-dependent 
magnetoresistance occurs in the sample with x = 0.2, which may be associated with the spin-state 
transition in LCCO.   © 1998 American Institute of Physics. [S0021-8979(98)26211-6] 

I. INTRODUCTION 

The perovskite cobaltite oxide La1_J.Ca^Co03 (LCCO) 
is ferromagnetic for x>0.15, with the Curie temperature in- 
creasing up to Tc** 180 K for x = 0.3-0.51 (see Fig. 1, upper 
inset). Substitution of divalent Ca for trivalent La in the par- 
ent compound LaCo03 results in mixed valency of Co ions 
(Co3+/Co4+), and chemically doped holes induce ferromag- 
netism via the double-exchange interaction.2"4 Both the 
trivalent and tetravalent cobalt ions are known to exist in 
multiple spin configurations. For instance, low- and high- 
spin states for trivalent cobalt ions have the electronic con- 

»6 „o figurations of t°2ge
v

g (Com) and t\ge] (Co3+), with spin S 
= 0 and 2, correspondingly.5'6 In LaCo03, the crystal-field 
splitting energy is larger than the Hund's energy, and the 
trivalent Co ions are in the low-spin state at low tempera- 
tures. Divalent Ca ions in La! _^CaJ.Co03 polarize the oxy- 
gen p electrons and stabilize the high-spin configuration of 
trivalent Co ions because of the reduced crystal-field effect. 
As a result, magnetic clusters are formed near each divalent 
atom. With the increasing doping concentration, the clusters 
reach magnetic and conducting percolation threshold. A 
similar system, Lai_xSr^Co03, is found to have metallic 
electrical conduction for 0.3^x^0.5, with "hole-poor", 
lower-spin matrix interpenetrating the metallic "hole-rich", 
higher-spin regions.5'6 In this work, we report the observa- 
tions of a giant ferromagnetic Hall effect and magnetoresis- 
tance in LCCO. The possible physical origin of these phe- 
nomena is discussed in the context of magnetic clusters and 
spin transitions due to the multiple spin configurations of the 
cobaltites. 

II. EXPERIMENT 

The transport properties are studied in LCCO epitaxial 
films (x = 0.2, 0.3, and 0.5) and in a LCCO x = 0.1 ceramic 

sample. The films, (2-5) mmX(2-5) mmX(100-300) nm in 
size, are grown by pulsed laser deposition using stoichio- 
metric targets of LCCO, in 100 mTorr of oxygen. The tem- 
perature of the LaA103 substrates is 700 °C. The growth is 
followed by annealing in 1 atm oxygen at 900 °C for 10 h, 
and the epitaxy of the films is confirmed by x-ray rocking 
curves. The results for the x = 0.5 samples7 are very similar 
to those for the x = 0.3 sample and are not shown here. The 
ceramic sample, 6.1 mmX2.8 mmX1.7 mm in size, is cut 
from the LCCO target with x = 0.1. The magnetic field is 
applied perpendicular to the plane of the largest dimensions. 
Details of transport measurements are given in Ref. 7. 

III. RESULTS 

Figure 1 shows the temperature (T) dependence of the 
electrical resistivity p in zero magnetic field. The sample 

8 10' 
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a    10° 
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FIG. 1. (Upper panel) The resistivity vs temperature for the x = 0.1 ceramic 
sample and for the two epitaxial films (with A: = 0.2 and 0.3). Upper inset: 
the doping dependence of the transition temperature Tc(x) in 
La, _jCa^Co03. Lower inset: p(T) dependence for La07Cao3Co03 in mag- 
netic fields 0 and 6.5 T. 
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FIG. 2. (Upper panel) The magnetic field dependences of the longitudinal 
resistivity for x = 0.1, 0.2, and 0.3. The temperature is indicated near each 
curve. Solid lines are guides to the eye. 

with x = 0.3 exhibits metalliclike resistivity. Below Tc, in- 
creasing magnetic order with decreasing temperature de- 
creases carrier scattering and therefore results in a large de- 
crease in the resistivity on cooling through Tc (Fig. 1, lower 
inset). The resistivity of the samples with x = 0.2 and 0.1 has 
semiconductinglike behavior (Fig. 1, main panel), which has 
been attributed to trapping of holes at the divalent doping 
ions.5 

The magnetic field (H) dependence of the resistivity is 
depicted in Fig. 2. The origin of the negative magnetoresis- 
tance for x = 0.3 can be understood in terms of conventional 
behavior for metallic ferromagnets, where the magnetoresis- 
tivity is due to the suppression of the spin-disorder scatter- 
ing, which is strongest near the transition temperature, see 
Fig. 2, bottom panel. 

For the ceramic x = 0A sample (Fig. 2, top panel), the 
magnetoresistance is also negative, and at low temperatures 
attains relatively larger values (up to 25%) than those of the 
metallic samples. Unlike samples with high concentration of 
the Ca atoms, which demonstrate bulk ferromagnetism, the 
x=0.1 sample consists of isolated clusters containing Co3+ 

and tetravalent cobalt ions. These clusters are localized at the 
Ca ions at low temperatures. The electrical conduction oc- 
curs via the hopping motion of holes in the insulating matrix 
of low-spin, trivalent Co111 ions. Each hopping process con- 
sists of transferring the tetravalent configuration [CoIV (S 
= 1/2) or Co4+ (5 = 5/2)] from one Co ion to another, ac- 
companied by transforming of the neighboring Co111 ions into 
Co3+ ions.5 With increasing temperature, the ratio of Co3+ to 
Co111 ions in the matrix increases, facilitating the hopping 
process and increasing the conductivity. On the other hand, 
the presence of an external magnetic field helps aligning the 
spins of Co3+ and Co4+(CoIV) ions, thereby increasing the 
hopping rate and resulting in negative magnetoresistivity. 
With increasing temperature, the correlations between the 
spins of Co3+ and Co4+(CoIV) ions become weaker, there- 
fore larger fields are required to align the spins, and the 
magnetoresistance decreases (Fig. 2, top panel). We note that 
the magnetoresistance data on LCCO with x = 0.1 and 0.3 are 
consistent with those on Laj -jSrjCoC^ with the same dop- 
ing levels.8 

On the other hand, the LCCO sample with x = 0.2 exhib- 
its an anomalous magnetoresistance behavior (Fig. 2, middle 
panel), which has not been seen in La1_^Sr^.Co03. The rela- 
tive change of the resistivity with the magnetic field [p(H) 
-p(0)]/p(0) in LCCO with x = 0.2 is of the order of 1%, 
smaller than that for x = 0.3 (Fig. 2, bottom panel). At high 
temperatures (T>*=> 120 K.), the magnetoresistance is nega- 
tive over the whole field range. At lower temperatures, the 
resistivity as a function of the increasing magnetic field ex- 
hibits a nonmonotonic behavior (Fig. 2, middle panel): the 
initial decrease at small fields is followed by an increase at 
larger fields. This positive upturn contribution to the resistiv- 
ity at high fields increases as the temperature is lowered 
(compare the isotherms at T= 112.7, 101.4, and 91.7 K in 
Fig. 2, middle panel). However, when the temperature de- 
creases further, the negative contribution grows substan- 
tially, and the positive upturn in the p-vs-H curves becomes 
less pronounced. (See the isotherm at 7=65.7 K in Fig. 2, 
middle panel.) The complexity of the magnetoresistivity be- 
havior in LCCO with x = 0.2 may be related to the closeness 
of Tc to the temperature where the Co3+/Com ratio in the 
intercluster matrix reaches 50:50 («* 110 K, according to Ref. 
5). This novel behavior in the magnetoresistance of LCCO 
awaits further theoretical investigations. We also note that 
the occurrence of the nonmonotonic field dependence of the 
resistivity coincides with the temperature interval in which 
the giant spontaneous Hall effect is observed. (See Ref. 7, 
Fig. 3, and the discussion below.) 

Figure 3 is a representative result of the Hall effect mea- 
surements on LCCO with x = 0.2. In our previous work,7 we 
have demonstrated that the Hall resistivity in LCCO for 0.2 
^x^0.5 is proportional to the magnetization M:pxy(H,T) 
= Rs(T)[fi0M(H,T)], where Rs is the spontaneous Hall co- 
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FIG. 3. Top panel: The Hall resistivity vs magnetic field for a A: = 0.2 epi- 
taxial film sample. The temperature is indicated near each curve in Kelvins. 
Note a very steep rise of pxy at low fields and at 7*<7'C~110K. Bottom 
panel: The initial slope of the pxy-vs-H curves as a function of temperature 
below Tc«= 110 K for a x = 0.2 epitaxial film sample. Inset: pxy-vs-H at low 
fields for the same sample at 7= 97.8 K. 

passes through a maximum pxy/(ß0H)*=>2XlO 6 m3/C at 
T«97 K and drops to 5 X 10"8 m3/C at T= 110 K. (The lat- 
ter value is inferred from measurements over a larger field 
range.) The peaking behavior of pxy/(/u,0H)-vs-T in the fer- 
romagnetic state is due to the decreasing susceptibility and 
increasing spontaneous Hall coefficient Rs with the increas- 
ing temperature. 

In order to appreciate the large magnitude of the slope 
pxy/(/x0H) in LCCO with x = 0.2, we estimate the "effec- 
tive" carrier density n, had the Hall effect in LCCO been 
entirely due to the Lorentz force rather than the magnetiza- 
tion. Using pxy/(/j,0H)=l/(ne), where e is the electron 
charge, we obtain a small value n = 3X 1024 m~3, compa- 
rable to that in sensitive semiconducting Hall-effect magne- 
tometers. 

The spontaneous Hall effect in magnetic materials is 
generally associated with the spin-orbit interaction.9'10 In 
LCCO, the spin-orbit interaction in the ferromagnetic state 
may be further enhanced at the boundaries between the low- 
spin, low-conduction and the high-spin, high-conduction re- 
gions. 

In summary, the Lai_JtCavCo03 system exhibits novel 
behavior in the magnetoresistance for x = 0.2 and a very 
large spontaneous Hall effect at x 3^0.2. These phenomena 
may be attributed to a magnetism associated with the coex- 
istence of multiple spin configurations in the cobaltites. On 
the practical side, our finding of the giant Hall effect in these 
cobaltites appears promising for applications to sensitive 
low-field magnetometers. 

efficient, and /x0 is the permeability of vacuum. The sponta- 
neous Hall coefficient in LCCO peaks nearest the transition 
temperature, with RS(TC)~0.25X 10"6 m3/C for x = 0.3 and 
0.5 and 1.35 X 10"6 m3/C for x = 0.2. The latter value is the 
largest for known ferromagnetic metals.7 For x = 0.1, no Hall 
effect signal can be detected within our instrumental resolu- 
tion. As illustrated in Fig. 3, the pxy-vs-H curves for x 
= 0.2 becomes progressively more nonlinear as the tempera- 
ture is decreased in the paramagnetic state above Tc 

«110 K. In the ferromagnetic state, the Hall resistivity as a 
function of H is found to be hysteretic.7 If the sample is 
cooled in H=0, the Hall resistivity at T<TC shows a very 
sharp rise with increasing magnetic field, consistent with 
alignment of magnetic domains. We investigate this initial 
increase of pxy(H) by using a small copper coil to supply 
small fields up to ±30X 10"4 T (Fig. 3, bottom panel, inset). 
Within this magnetic field range, the Hall resistivity is linear 
with field and is reversible. The temperature dependence of 
the slope pxy/(/j,0H) is shown in the main panel of Fig. 3. 
(We note that pxy/(fi0H) should not be confused with 
Rs:pxy/(/j,0H) = RsM/H = Rsx, where x is the susceptibil- 
ity.) The slope increases with the increasing temperature, 
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Giant magnetoresistance in granular CuFeNi alloys 
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Giant magnetoresistance (MR) was studied in alloys of composition Cu80Fe10Ni10, CugoFe15Ni5, 
Cu80Fe5Ni15, and Cu80Fe2o, produced by melt spinning and annealed in the temperature range 
300-600 °C. Materials were characterized by Mossbauer spectroscopy at several temperatures. At 
both 78 and 300 K, spectra for all CuFeNi compositions showed a singlet associated with 
superparamagnetic Fe nanoparticles, but at 4.2 K the sextet characteristic of ferromagnetic Fe was 
visible. From the hyperfine field reduction we estimated the radius of the Fe particles. Magnetization 
data for Cu80Fe10Ni10 at 300 K were compared with a model which features a log-normal 
distribution of noninteracting superparamagnetic particles. Thus the mean magnetic moment and the 
particle density were determined. The magnetoresistance ratio MR was compared to a model which 
considers bulk and interface scattering. © 1998 American Institute of Physics. 
[S0021-8979(98)26311-0] 

I. INTRODUCTION 

After the discovery of giant magnetoresistance (GMR) 
in granular solids,1'2 it has become increasingly clear that the 
size distribution of the magnetic nanoparticles plays an im- 
portant role in the phenomenon. For a random distribution of 
noninteracting moments of the same magnitude, the magne- 
toresistance ratio MR=[p(#)-p(H=0)]/p(#=0) should 
be a quadratic function3 of the relative magnetization MIMS. 
However, many granular systems do not follow the expected 
quadratic behavior and various explanations have been pro- 
posed for this. Some consider the role of magnetic interac- 
tions, while others refer to the distribution of magnetic par- 
ticles. In any case, a careful consideration of this problem 
should furnish important insights into magnetotransport in 
granular solids.4 

In the present paper we determined GMR in granular 
Cu80(Fe, Ni)2o alloys.5-7 The magnetoresistance ratio MR 
and the relative magnetization M/Ms were studied in terms 
of a model which employs a log-normal distribution of non- 
interacting superparamagnetic particles. Mossbauer spectros- 
copy furnished additional information about the size of the 
magnetic nanoparticles. 

II. EXPERIMENT 

Alloys of composition Cu80Fe10Ni10, Cu80Fe15Ni5, 
Cu80Fe5Nii5, and Cu80Fe20 were melt spun on a copper 
wheel in a He atmosphere at wheel speeds = 40 m/s. Com- 
positions reported here are in atomic percent, in contrast with 
Refs. 5-7 where weight percent was used. The resulting rib- 
bons, about 1 mm wide and 30 fim thick, were then annealed 
in an Ar atmosphere at various temperatures in the range 
300-600 °C to maximize the magnetoresistance. 

Magnetization measurements were made with a vibrat- 
ing sample magnetometer (VSM) mounted on a 90 kOe su- 
perconducting solenoid. Magnetoresistance was measured 
with an ac bridge with the magnetic field applied in the rib- 

bon plane. Some measurements of the anisotropic magne- 
toresistance (AMR) were made in fields up to 20 kOe. For 
Cu80Fe10Ni10, the AMR was found to be on the order of 
0.5% at 300 K. A standard, constant acceleration spectrom- 
eter with a 51CoRh source was used for the Mossbauer spec- 
troscopy. 

III. GMR AND MOSSBAUER RESULTS 

Of the four alloys studied, Cu80Fe10Ni10 showed the larg- 
est values of the magnetoresistance ratio MR=[p(H) 
- p(H=0)]/p(H = 0). In Fig. 1, we show MR as a function 
of the applied magnetic field at 4.2 K for Cu80Fe10Ni10 rib- 
bons annealed for two hours at the indicated temperatures. 
Our largest value of MR=» -17% was obtained for an an- 
nealing temperature of 400 °C, in agreement with Ref. 7. 
However, our value of MR is smaller than that reported in 
Ref. 7, in part, because those authors chose a different nor- 
malization for this quantity. For the higher annealing tem- 
peratures, the field dependence of MR appears to be nearly 
linear at high fields. 

"'Electronic mail: fmissell@macbeth.if.usp.br 
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FIG. 1. Magnetoresistance ratio MR vs magnetic field H for Cu8OFe10Ni10 at 
4.2 K for different annealing temperatures. 
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FIG. 2. Mössbauer spectrum for Cu80Fe10Ni10 ribbon annealed at 400 °C for 
two hours. Measurements at (a) 300 and (b) 4.2 K. 

To characterize the magnetic state of the nanoparticles in 
these ribbons, all samples were characterized by Mössbauer 
spectroscopy. At both 78 and 300 K, Mössbauer spectra for 
all CuFeNi ribbons, both as-cast and annealed, showed a 
singlet associated with superparamagnetic Fe. The 300 K 
spectrum for Cu80Fe10Ni10 is shown in Fig. 2(a). At 4.2 K, 
however, the temperature is below the blocking temperature 
for the Fe nanoparticles and the characteristic Fe sextet ap- 
pears as shown in Fig. 2(b). The solid curve superimposed 
on the data of Fig. 2(b) corresponds to a fit made using a 
Gaussian distribution of hyperfine fields. The Gaussian was 
centered at 314 kOe and had a width of 82 kOe. For com- 
parison, we note that a-Fe has a hyperfine field of about 340 
kOe at 4.2 K. As we discuss below, magnetization measure- 
ments at 300 K on Cu80Fe]0Ni10 allowed us to estimate 
2.1 yU.B/Fe for this material, characteristic of a-Fe. Thus, both 
magnetization and Mössbauer measurements indicate the 
presence of nanoparticles with composition close to that of 
a-Fe. 

The observed hyperfine field reduction can be explained 
by the collective oscillation model for small particles.8 From 
the expression flr

part///bulk= 1 -kT/2 KV, we obtained an es- 
timate for the anisotropy energy barrier KV/k=26 K. This 
value yields a Mössbauer blocking temperature of order 15 
K, which is consistent with our experiments. Assuming 
K«4.8X 104 J/m3, we obtain a mean radius 1.2 nm for the Fe 
nanoparticles. This is at least an order of magnitude smaller 
than the value reported9 for Fe nanoparticles in splat-cooled 
and annealed Cu75Fe25. To understand this discrepancy, we 
prepared a sample of Cu80Fe20 by melt spinning. The Möss- 
bauer spectrum of the as-cast sample at 300 K showed a 
singlet superimposed upon a well-defined sextet, indicating 
the presence of many large Fe particles with blocking tem- 
peratures above 300 K. Apparently the presence of Ni in the 
alloy facilitates the formation of a solid solution and results 
in a greater dispersion of the Fe in the Cu matrix. 

IV. GMR VS. MAGNETIZATION 

As mentioned in the introduction, a study of the depen- 
dence of MR on the reduced magnetization can furnish a 

useful characterization of the material as well as important 
insights into the mechanisms responsible for this effect. This 
article follows a treatment developed in Ref. 4, which, in first 
approximation, neglects interactions between particles, but 
considers a log-normal distribution of magnetic moments as- 
sociated with the superparamagnetic particles. When the 
magnetic moment distribution function is used to fit the mag- 
netization curve, one obtains two parameters associated with 
the distribution curve, which can then be used to calculate 
the mean magnetic moment and the particle density. Using 
the same distribution function in a model10 for the MR pro- 
vides information on electron scattering within the magnetic 
grains and at magnetic-nonmagnetic interfaces. 

Thus our first task is to determine the normalized curves 
of magnetization and MR. For this study, we considered 
Cu80Fe10Ni10 because the MR was largest for this sample. 
However, we considered T= 300 K, since the ferromagnetic 
hysteretic contribution to M was very small at this tempera- 
ture and it was straightforward to determine the anhysteretic 
magnetization curve. Since the magnetization had not satu- 
rated at 70 kOe, data were fitted to the expression M=MS 

(l-a/H) in order to obtain the saturation magnetization 
M^. We obtained M^= 19 emu/g (2.1 ^/Fe), as mentioned 
above. The MR data were also fitted to a similar expression 
to determine the saturation magnetoresistance MR,: 
MR=MR, (l-b/H). If MR~(M/M,)2, then the constant b 
should equal 2a. In fact, we obtained MRS= —5.5% and b 
= 2a. The normalized magnetoresistance MR„=MR/MRS 

was plotted as a function of the normalized magnetization 
MfMs and the result is nearly a parabola. Deviations from the 
parabolic form are subtle and must be characterized with 

4 care. 
The normalized magnetization data up to 70 kOe were 

then compared with an expression4 wherein the magnetiza- 
tion of a distribution of superparamagnetic grains is given in 
terms of the Langevin function L(x) = cothx— l/x 

f00       ßH\ 
M(H,T) = ]ov.L\—}f(v,)dti. kT (1) 

The magnetic moment distribution function /(/x) is a log- 
normal function divided by /A 

/(/*) = 
N 1 

27TO" ß 
exp 

ln2(p/fi0) 

2<7Z (2) 

This distribution function has a peak near /J,0 and has width 
a. In Fig. 3 we show experimental data for Cu80Fe10Ni10 

annealed at 400 °C. The data agree well with the model be- 
low 20 kOe and deviate only slightly above that field. We 
determined the parameters of f(/n), /U.0 = 450 fiB and u 
= 0.93, and then calculated the mean magnetic moment per 
grain (/A) = 693 yUB and the number of magnetic grains per 
gram of material: N= 3 X 1018/g for our Cu80Fe]0Ni10 at 300 
K. Using the above value of the mean moment (fi) and a 
value of 2.1 ^iB/atom for a-Fe, we estimated the mean radius 
of a magnetic particle to be r= 1.6 nm, in good agreement 
with the radii of magnetic particles encountered in CuCo4 

and consistent with our Mössbauer results presented above. 
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FIG. 3. Magnetization data for Cu80Fe10Ni10 ribbon annealed at 400 °C 
(circles) compared with model which assumes lognormal distribution of 
noninteracting superparamagnetic particles. 

In Ref. 4, the distribution of magnetic moments was 
used in a model proposed by Zhang and Levy10 for granular 
films based upon the formalism for the magnetoresistance in 
layered structures. Both bulk and interface scattering contrib- 
ute to the magnetoresistance by means of the factor /JL 

+ a /j,213, where the parameter a is proportional to the ratio 
between the interface and bulk scattering cross sections and 
has been given in Eq. (9) of Ref. 4. We tried fitting our MR 
data to this model, using the values of /J,0 and a determined 
from the magnetization, and treating a as an adjustable pa- 
rameter. We used 

MR(//,r)=- 
Nz f Jo 

(ß+aß
2ß)L\^\f(fji)df, 

(3) 

where both A and a are coefficients which do not depend 
upon H and N is the number of grains per unit volume. The 
result is shown in Fig. 4. There is good agreement for mag- 
netic fields below about 15 kOe, after which the agreement is 
somewhat worse. Larger values of a do not bring the calcu- 
lated (dashed) curve into better agreement with the data. In 
Ref. 4, the MR data in Cu90Co10 were in good agreement 
with the model for fields up to 20 kOe. The authors of Ref. 4 
have defined two parameters / and g which measure the 
flatness of the parabolic relation between MR and M/Ms. 
Calculating these parameters, we find that their values corre- 
spond to the limit of the validity of the model. Therefore, it 
seems that a further discussion of the relationship between 
MR and M/M^ in Cu80Fe10Nii0 will require an extension of 
the model of Ref. 4. 

V. CONCLUSIONS 

Both magnetization and Mossbauer measurements indi- 
cate the presence of nanoparticles in Cu80Fei0Ni10 with com- 
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FIG. 4. Normalized magnetoresistance for Cu80Fe10Ni10 ribbon annealed at 
400 °C (circles) compared with curve calculated using Eq. (3) (dashed 
curve). 

position close to that of a-Fe and effective radius slightly 
larger than 1 nm. This size is considerably smaller than that 
found for Fe particles in splat-cooled9 Cu75Fe25, but is com- 
parable to values encountered in Cu90Co10. Thus 
Cug0Fe10Nii0 and Cu90Coi0 seem to be physically compa- 
rable and it is interesting to compare MR results in these 
materials. The magnetization data for Cu80Fe10Ni10 at 300 K 
were found to be in good agreement with curves calculated 
assuming a distribution of noninteracting superparamagnetic 
Fe particles. However, the MR data agreed with the proposed 
model only for low fields. 
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Microstructure and giant magnetoresistance of Co-Cu granular films 
fabricated under the extremely clean sputtering process 

Masakiyo Tsunoda,a) Kentaro Okuyama, Makoto Ooba, and Migaku Takahashi 
Department of Electronic Engineering, Tohoku University, Sendai 980-77, Japan 

In order to clarify the influence of the impurities in the sputtering atmosphere on the microstructure 
and the giant magnetoresistance (GMR) properties of nanogranular thin films, Co-Cu alloy films 
were prepared on quartz substrates at room temperature under the different purity of the sputtering 
atmosphere by changing the base pressure, 10~n Torr extremely clean process (XC) and 10"7 Ton- 
lower grade process (LG). The correlation between the microstructure and the GMR of films after 
an annealing procedure is discussed. As results, we found that; (1) A Co-rich phase combined with 
oxygen was formed at grain boundary in the films as deposited under the LG process; (2) the gradual 
progress of the grain growth of precipitates with increasing annealing temperature was observed in 
the XC-processed films, while the coarse grain growth of the matrix phase, resulting in the abrupt 
change of magnetoresistance occurred in the LG-processed films. We conclude that regulated 
impurity concentration in the films is an essential parameter to control the precipitation process from 
the supersaturated solid solution and to realize the desirable microstructure of the nanogranular 
GMR thin films.   © 1998 American Institute of Physics. [S0021-8979(98)26411-5] 

I. INTRODUCTION 

The origin of giant magnetoresistance (GMR) observed 
in nanogranular thin films is a spin-dependent scattering of 
conduction electrons which occurs at the interface between a 
nonmagnetic matrix and magnetic fine particles of pre- 
cipitate.1'2 In the case of sputter deposited Co-Cu granular 
films, supersaturated solid solution and fine particles are gen- 
erally formed as deposited, and the magnetic fine particles 
grow by postannealing.3'4 Since the precipitating process 
from the supersaturated solid solution is strongly affected by 
defects and dissolved oxygen in the films, one can expect the 
drastic change of the microstructure and the GMR properties 
of nanogranular films with decreasing impurity concentration 
in the films. In the present study, in order to clarify the in- 
fluence of the contaminating impurities obtained during the 
deposition process, we prepared Co-Cu alloy films by 
changing the purity of the sputtering atmosphere and inves- 
tigated the correlation between the microstructure and the 
GMR of them through heat treatment. 

II. EXPERIMENTAL PROCEDURE 

Co^Cu!-^ (x=atom fraction Co) films 300 nm thick 
were prepared onto fused quartz substrates at room tempera- 
ture by using a specialized dc magnetron sputtering machine 
which enables pumping down to 8 X 10" n Torr. For the pro- 
cess gas, ultraclean Ar gas (UC-Ar), whose moisture level is 
less than 1 ppb, was used.5 In order to make two different 
residual impurity levels in the sputtering atmosphere, the 
base pressure of 3X10-11 Torr (extremely clean process: 
XC process) and 3X10-7 Torr (lower grade process: LG 
process) were prepared respectively by changing the pump- 
ing time after venting the chamber with air. The flow rate of 
the UC-Ar gas during sputtering was 100 seem to make the 

pressure 5 mTorr. The impurity levels of the sputtering at- 
mosphere were calculated as 0.01 ppm for the XC process 
and 1 ppm for the LG process, respectively.5 Annealing was 
performed in vacuum on a same sample subsequently from 
150 to 450 °C for 1 h at each temperature. Microstructure of 
films was examined by x-ray diffraction (XRD) and trans- 
mission electron microscope (TEM). Magnetoresistance was 
measured at room temperature in the film plane by a dc four 
probe method with maximum applied field of 14 kOe. 

III. RESULTS AND DISCUSSION 

A. Microstructure 

Figure 1 shows TEM images of x = 0.17 samples as de- 
posited under the XC and the LG processes, respectively. 
The characteristic grain diameter of the XC-processed film 
( = 30nm) is larger than that of the LG-processed film 
(^20 nm). It is noteworthy that a different phase with bright 
contrast distinguished from grains is observed at triple points 
of the grain boundary in the LG-processed film. In order to 
identify the phase with bright contrast, energy dispersion x- 
ray spectroscopy (EDS) analysis was performed on the LG- 

a)Electronic mail: wacky06@ec.ecei.tohoku.ac.jp 

50 nm 

FIG. 1. TEM images of Co017Cu083 alloy films as deposited under the XC 
process (a) and the LG process (b). 
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FIG. 2. Characteristic x-ray profiles from the grain boundary phase (A) and 
the grain (B) of a Co017Cu0 83 alloy film as deposited under the LG process. 

50 nm 

FIG. 4. TEM images of Co017Cu083 alloy films of the XC process and the 
LG process, after annealed at Ta = 200 and 350 °C, respectively. 

processed film. Figure 2 shows the characteristic x-ray pro- 
files obtained when 1-nm-diam electron beam was focused 
on the grain boundary phase (A) and on the grain (B), re- 
spectively. By comparing these profiles, we can say that the 
phase at triple points in the LG-processed film has higher 
concentration of Co than the grains. In addition, oxygen, 
which is not appeared in the grains, is clearly detected in the 
grain boundary phase. On the other hand, in the XC- 
processed film, no intergranular phase is observed in Fig. 
1(a), indicating the homogeneous distribution of Co in the 
whole film. It seems reasonable to suppose that the major 
impurity element, H20 in the LG-processed atmosphere is 
the most probable species affecting the change of the micro- 
structure of the as-deposited films. Namely, H20 unites pref- 
erentially with Co adatoms arrived at the substrate and im- 
mobilizes them to be nuclei for the condensation of Co 
adatoms. In the XC process, because of the lack of this 
nucleation, grains of homogeneous supersaturated solid solu- 
tion can grow large. 

Figure 3 shows the changes of peak intensity and width 
of major diffraction line from (111) crystal plane in the XRD 
profile as functions of annealing temperatures, Ta for x 
= 0.17 samples. In the case of XC-processed film, the dif- 

0.04 

0.03 £ 

0.02   = 

0.01 

0       100     200     300     400     500 

Annealing temperature, T, (°C) 

FIG. 3. Changes of XRD profiles of Co017Cu083 films of the XC process 
and the LG process, as deposited and after annealed at various temperatures, 
Ta . Peak intensity (open figures) and width (filled figures) for (111) diffrac- 
tion line are plotted. 

fracted lines gradually become large and sharp up to 300 °C, 
and turn to become broad above 350 °C. On the other hand, 
in the case of LG-processed film, abrupt increase of intensity 
and sharpening of diffraction line are observed at 200 °C, 
which suggests a coarse grain growth. Figure 4 shows TEM 
images of x = 0.17 films in the both processes after annealed 
at 200 and 350 °C, respectively. In the XC-processed film, 
corresponding with the changes of XRD profile, the gradual 
grain growth with increasing Ta is observed. Also we can see 
the obscure lattice image of grains with increasing Ta, which 
is suggesting the decomposition of supersaturated solid solu- 
tion. In contrast, in the LG-processed film, we can see the 
coarse grain growth at 200 °C. The characteristic grain size 
was larger than several hundred nm. The Co-rich phase 
which existed at the grain boundary as seen in the as- 
deposited film with bright contrast [Fig. 1(b)] is cut apart and 
dispersed in the coarsened matrix grains as fine particles. 

B. GMR and magnetic properties 

Figure 5 shows the changes of ps and Ap (= p0 - ps) as 
a function of the annealing temperature, Ta, for the films 
withx = 0.13, 0.17, and 0.25 fabricated under the XC and the 
LG processes. p0 and ps are defined as the resistivity mea- 
sured without and with applied field of 14 kOe, respectively. 
ps gives a scale of the resistivity when the magnetization of 
the film is saturated, though 14 kOe was not large enough 
especially in the films as-deposited and after annealed at 
lower temperature. We attend to the x = 0.17 as a typical 
example. In the XC-processed film, ps which was 52 /kl cm 
as-deposited gradually decreases, with increasing Ta. Ap 
which was 1.8 fÄl cm as-deposited gradually increases and 
reaches maximum value of 2 n£lcm at ra=150°C, then 
decreases with increasing Ta. The increase of Ap below 
150 °C can be explained by the increasing volume and 
heightening the Co concentration of the Co-rich phase by 
precipitation from the supersaturated solid solution. Namely, 
the enlarging magnetization of Co-rich phase makes film 
easy to saturate even at 14 kOe and enhances the difference 
of spin-dependent scattering between zero and maximum ap- 
plied field. Above 200 °C, the decrease of Ap is explained by 
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FIG. 5. Changes of resistivity ps and magnetoresistance Ap as functions of annealing temperature for Co^Cu,^ films of the XC process (a) and the LG 

process (b). 

grain growth of Co-rich phase leading to lower their surface/ 
volume ratio. Here, we should notice the annealing tempera- 
ture where Ap reaches maximum (indicated as open arrows 
in the figure) becomes lower with increasing Co content. 
This means that highly supersaturated Co are easy to precipi- 
tate and to make large grains of Co-rich phase at relatively 
lower temperature. These experimental facts support the 
grain growth discussed above. On the other hand, in the LG- 
processed films, abrupt drop of ps is observed at Ta 

= 200 °C in x = 0.17 case. Corresponding to this change, Ap 
steeply increases from 1.3 to 1.9 pH cm at Ta = 200 °C. By 
taking into account the structural change as previously 
shown in Figs. 3 and 4, one can say that the physical origin 
of the abrupt changes of ps and Ap at ra = 200°C is the 
decrease of grain boundary scattering and the randomizing 
direction of the magnetization of paniculate Co-rich phase at 
zero field. In addition, from the slight decrease of Ap above 
200 °C, we can conclude that the grain growth of Co-rich 
phase resulting from the decomposition of the supersaturated 
solid solution is not significant in the LG-processed film up 
to 450 °C, contrary to the XC-processed one. 

Figure 6 shows the changes of M10kOe, which is the 
magnetization measured under applied filed of 10 kOe, and 
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FIG. 6. Changes of magnetization under tf=10kOe (filled figures) and 
coercivity (open figures) as functions of annealing temperature for 
Co017Cu083 films of the XC process and the LG process. 

the coercivity, Hc of x = 0.17 samples as a function of Ta. 
Measurement was performed at room temperature. In the 
XC-processed film, M10kOe gradually increases with increas- 
ing Ta. Hc arises from r„ = 200oC and also increases 
gradually, indicating that magnetic stability against thermal 
agitation is induced by grain growth of the Co-rich phase. On 
the other hand, in the LG-processed film, MIOk0e, which is 
190 emu/cc as-deposited and larger than that of the film in 
the XC process, slowly increases and becomes smaller than 
the XC process above 350 °C. Hc also increases fairly 
slightly up to 450 °C. These changes well correspond with 
the changes of microstructure and the GMR discussed above. 

IV. CONCLUSION 

Co-Cu alloy films were fabricated under the different 
purity of the sputtering atmosphere by changing the base 
pressure, 10" n Torr (XC process) and 10"7 Torr (LG pro- 
cess). The correlation between the microstructure and the 
giant magnetoresistance of Co-Cu alloy films was exam- 
ined. As results, we found that: (1) A Co-rich phase com- 
bined with oxygen was formed at grain boundary in the as- 
deposited films in the LG process; (2) the gradual progress of 
the grain growth of Co-rich phase with increasing annealing 
temperature, accompanying a gradual change of magnetore- 
sistance, were observed in the XC-processed films; (3) in the 
LG-processed films, the coarse grain growth of the matrix 
phase resulted in abrupt change of magnetoresistance. 

We conclude that the regulated impurity concentration in 
the films is an essential parameter to control the precipitation 
process from supersaturated solid solution and to realize the 
desirable microstructure of the nanogranular GMR thin 
films. 
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codeposited films 
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We present experimental magnetoresistance, magnetization, and remanence data for CoCu granular 
films obtained by electron beam codeposition, subsequently submitted to a thermal treatment. The 
magnetization measurements show coexistence of superparamagnetic and ferromagnetic (or blocked 
superparamagnetic) Co grains. By modeling the experimental magnetization curves, the distribution 
function of the superparamagnetic particle size, the volume fraction of the blocked part of the Co 
particles, and their saturation magnetization are obtained. SM plots are constructed using the 
remanence curves. A correlation between the changes of the SM parameters and those of the giant 
magnetoresistance, caused by the annealing, is discussed. © 1998 American Institute of Physics. 
[S0021-8979(98)46811-7] 

I. INTRODUCTION 

The so-called granular ferromagnetics are composites of 
two materials, one of which consists of nanosized ferromag- 
netic particles (e.g., Fe, Co) dispersed in nonmagnetic metal- 
lic matrix (e.g., Ag, Cu, Au). Since the discovery of the 
effect of giant magnetoresistance (GMR) in such systems,1'2 

they have been widely investigated due to their potential for 
practical applications and because they can be easily pro- 
duced (usually sputtering, coevaporatioh, melt spinning, me- 
chanical alloying, or eletrodeposition), and their microstruc- 
ture can be modified by suitable thermal treatment. The 
GMR in these granular systems is comparable to the ones 
found in multilayers. Extensive studies have been made to 
link the GMR response to the structural properties (e.g., in- 
terface, particle shape, size and density, intergranular dis- 
tances, etc.3'4 

The GMR effect in these systems is believed to be a 
manifestation of the conduction electron spin-dependent 
scattering on the local magnetic configuration. Qualitatively, 
it is assumed that the scattering probability is proportional to 
the correlation degree of the moments of adjacent pair of 
granules (yu-,- ./x;).

5'6 The resistance of the heterogeneous al- 
loys is maximum in the case of random distribution, i.e., low 
correlation of magnetic moments at zero field. The applied 
field aligns the magnetic moments (high correlation) thus 
decreasing the resistance of the system.3 

The magnetoresistive behavior of an homogeneous su- 
perparamagnetic (SPM) system has a relatively simple inter- 
pretation based on a description by the Langevin function. In 
this case it is given by [L(/xH/kBT)]2, where H is the ap- 
plied field, kB the Boltzman's constant, and T the tempera- 
ture. All the theories that use this description predict a de- 
pendence of the fractional magnetoresistance on the square 
of the reduced magnetization. However, this relation fails in 
some granular systems.7 Interparticle interactions8 and de- 

"'Electronic mail: dcviegas@if.ufrgs.br 

pendence of the scattering process on cluster size9"11 are the 
mechanisms that have been introduced to explain this dis- 
crepancy. 

The effect of interactions on GMR of granular solids has 
been investigated,12 using a model that obtain the moment 
configuration in the presence of dipolar magnetic fields. The 
GMR effect is found to be lowered by these interactions, and 
connected to low-range correlation of the magnetic mo- 
ments. In this case, a deviation from the parabolic law is also 
observed. In the present work, the influence of the thermal 
treatment on the microstructure, magnetoresistance, and 
magnetic properties of CoCu codeposited films is investi- 
gated. The latter, along with the fact that the GMR for our 
samples do not saturate for the maximum magnetic field 
available, do not allowed us to use the deviations from the 
parabolic law to estimate the interaction effects. We used the 
technique based on the SMic plot, which has been exten- 
sively used recently, because it proved to be very sensitive to 
small changes in the remanence produced by interaction be- 
tween the magnetic regions of the system. 

II. EXPERIMENT 

The 5000-A-thick Co-Cu films with different composi- 
tions were codeposited by means of electron beam gun on Si 
(111) substrate. The nominal compositions are 10%, 20%, 
and 30% of cobalt. Thermal treatment was performed in a 
rapid annealing furnace under Ar atmosphere between 100 
and 350 °C for 1 h. The magnetization and remanence curves 
were measured at room temperature using an alternating gra- 
dient magnetometer with the field applied parallel to the 
sample's plane. The magnetoresistance curves were mea- 
sured in fields up to 6 kOe using the standard four points 
method. 

III. RESULTS AND DISCUSSION 

The conventional x-ray diffraction shows a pure fee Cu 
structure, no traces of hep Co are observed. Due to the small 
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FIG. 1. (a) DSPM and (b) s vs. rann obtained from the SPM fit of the 
experimental magnetization curves for the samples with 10% and 20% Co 
concentrations; (c) The ratio between FM component and total magnetiza- 
tion; squares: 10% Co, and triangles: 20% Co. The lines are guide to the 
eye. 

size of the Co particles and the high lattice coherency be- 
tween the fee Co phase and the Cu matrix, this Co phase 
cannot be distinguished. 

The experimental magnetization curves show hysteresis. 
Here, as in our previous work,13 we consider the samples as 
consisting of two magnetic Co phases: (i) noninteracting 
SPM particles and (ii) "blocked" [interacting and/or larger 
ferromagnetics (FM)] grains. The sample magnetization can 
be written as M(H) = MtM(H) + M^M(H). The M5™ term 
is a weighted superposition of Langevin functions assuming 
the following magnetic moment distribution function14 

N    1 
/(^)=-z--exp 

VITT /"■ 

ln2(/A//u,0) 

2uL (1) 

where N is the volumetric SPM particle density, fj,0 the par- 
ticle magnetic moment, and <r the width of the distribution 
which differs from the log-normal one by the factor l/fi. The 
mean value of i± is defined as {/j,) = (i0 expCtr2^). 

In Figs. 1(a) and 1(b) the values of the mean SPM par- 
ticle size, DSPM, and a used to fit the SPM components of 
the experimental magnetization curves are displayed as a 
function of the annealing temperatures, Tmn for the samples 
with 10% and 20% Co concentrations. Due to the low SPM 
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FIG. 2. (a) SM^l vs. 7\,nn constructed from the remanent magnetization 
curves; the inset in this figure is a representative SMic plot for the sample 
with 10% Co, annealed at 300 °C. (b) GMR vs. 7"ann for samples with dif- 
ferent Co concentration. The lines are guide to the eye. 

contribution to the total magnetization of the 30% Co 
sample, it was not possible to fit its SPM component. The 
dependence of the FM fraction, defined as M™IMS, on Twn 

is shown in Fig. 1(c) (the method of estimation of Ms is 
described elsewhere).13 

When the particles are sufficiently close to each other, 
the magnetic interactions can induce correlation between the 
adjacent moments, which may be both Ruderman-Kittel- 
Kasuya-Yosida (RKKY) and/or dipolar in nature. We tried 
to estimate this effect by using the maxima of the SMdc 

plots, defined in our recent works.13'15 The positive ampli- 
tude values, <5M+C vs Tmn are represented in Fig. 2(a) (the 
negative ones almost do not change as a function of 7\,nn 

having values of «0.2). The inset in Fig. 2(a) shows a rep- 
resentative SMäc plot (10% Co, rann=300 °C). The reduced 
GMR values, defined as [R(H)-R(H = 0)]/R(H = 0), ob- 
tained for Hmm=6 kOe, are shown in Fig. 2(b). 

rann=£200 °C does not change significantly the morphol- 
ogy, magnetic, and magnetotransport properties of the 
samples. Figure 1(c) shows that in this Tam range, the 
samples contain mostly SPM particles, with DSPMs»2nm. 
Ms values are rather smaller than M^° for bulk Co, indicat- 
ing that there is a large number of Co atoms dissolved in the 
Cu matrix. 

Annealing at higher temperatures up to approximately 
300 °C, results in a gradual increase of Z)SPM and a decrease 
of <7, i.e., the SPM particles become larger and more uniform 
in size. Their number increases as well, as the total Ms val- 
ues increase for all samples at the expense of the atomically 
diluted Co in the Cu matrix. GMR is enhanced, reaching its 
maximum  for  rann«300°C  for  all  samples   (for H„ 
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=6 kOe). This increase could be explained, assuming that 
the main contribution to the GMR comes from the random 
orientation of the SPM Co magnetic moments:2 annealing at 
higher temperatures increases the number of SPM particles, 
changes their size, and the mean distance between them. The 
latter would become comparable to the mean free path of the 
conduction electrons, and more selective scattering would 
occur, thus increasing GMR. Although the FM fraction in- 
creases with increasing Twn, it remains relatively small and 
does not influence the GMR, as observed from the magne- 
toresistance curves, which do not show rapid response at low 
fields and do not saturated at 6 kOe. 

GMR of the samples annealed at rann>300°C de- 
creases, despite that the £)SPM and a do not change signifi- 
cantly. However, a decrease of the total Ms is observed for 
all samples, which can be explained by the decrease of the 
number of the SPM particles, as well as the increase of the 
distance between them, so the scattering event become infre- 
quent and far apart, thus GMR is small. The decrease of Ms 

is not very clear, but we suggest that some Co is redissolved 
in the Cu matrix,16 which is expected to be present at high 
temperature. 

AU SMäc plots are characterized by positive peaks in 
low fields and a relatively shallow minima in higher fields. 
There are two cases to be considered. 

(i) the FM particles are mainly fee Co, and weak positive 
(ferromagnetic, magnetizing) interactions present. This sug- 
gestion is supported by the similarity of the shape of the 
experimental SMdc plots to that calculated for a disordered 
system of noninteracting cubic anisotropy particles with four 
easy magnetization axes,13 as well as by the statement of 
Kimoto et al.11 and Anno,18 that small Co particles have a 
fee structure. In this case, the increase of SMd+ by increasing 
rann means that the interactions favoring parallel alignment 
weaken, and SMd+ tends to reach the value of «0.5 of that 
calculated for the noninteracting case plot.13 Thus, the maxi- 
mum of the GMR, which is in the same Tann range where 
<SM+C is maximum, can be associated with the weaker inter- 
actions, even that the FM fraction is not very large, having 
its maximum of «20% for 10% and 20% Co. 

(ii) The samples consist of hep (uniaxial) Co. In such 
cases, positive deviations from the noninteracting zero line19 

are attributed to strong FM interactions between the adjacent 
grains. The increase of SMA+ by increasing Tmn suggests 
increase of these interactions, and as result, GMR should be 
depressed, on the contrary of what is observed here. There- 
fore, we believe that the data support the first suggestion— 
the Co is mainly in fee phase. 

The reduction of ÖM+ for the higher rann can be attrib- 
uted not to an increase of the negative interactions, but 
mainly to an extinction of the FM phase, as indicated in Fig. 
1(c)- 

IV. CONCLUSION 

Experimental magnetoresistance and magnetization data 
for thermally treated CoCu codeposited films were reported. 
It was obtained that the GMR has maximum of «3% (for 
Z/max=6kOe) when the SPM particles have a specific size 
range and their size distribution width is relatively narrow. 
Assuming that the Co particles are mainly fee, a correlation 
between the changes of the SM parameters and of GMR is 
observed. However, as the relative FM fraction is rather low 
in our samples, one should not assume that the magnetic 
interactions are the main, determining factor for the GMR 
changes. 
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Structural and magnetic properties of "expanded" Mn 
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Structural and magnetic properties of "expanded" Mn deposited on (111) oriented fee noble metals 
were studied with single-crystal x-ray diffraction and exchange bias measurements. A single peak 
corresponding to this phase was found at momentum transfer q = 2.S6 Ä"1 along six equivalent 
[112] directions of the noble metal substrate. Magnetic hysteresis of the field cooled Fe/Mn bilayers 
exhibited a characteristic shift along the field axis, indicating antiferromagnetic order in the 
expanded Mn with TN^20 K. The magnetic and structural data are consistent with understanding 
the expanded phase as trigonally distorted a-Mn. © 1998 American Institute of Physics. 
[S0021-8979(98)37511-8] 

I. INTRODUCTION 

The properties of Mn epitaxially grown on close-packed 
surfaces has recently generated much interest. Deposited on 
these surfaces, Mn first assumes a close-packed structure 
with a lattice parameter close to that of fee Mn. When the 
layer exceeds a critical thickness, which ranges between 2 
and 12 Ä, depending on the substrate material, Mn under- 
goes a VZxVl) reconstruction. This new structure is called 
the "expanded" phase.1"4 Based on the well-known ability 
of Mn to form crystals with ions of different sizes, Arrott 
et al.' developed a model in which expanded Mn was treated 
as a Lave phase of Mn with itself. Specifically, hexagonal- 
close-packed (hep) MgZn2 and fee MgCu2 alloys were pro- 
posed as possible prototypes for the expanded phase. Three- 
dimensional reflection high energy electron diffraction 
(RHEED) analysis of Mn grown on hep Co (0001) suggested 
that the structure of expanded Mn was closest to (111) ori- 
ented MgCu2.3 This is in contradiction to the results of re- 
cent extended x-ray absorption fine structure (EXAFS) mea- 
surements of Mn grown on Ir(l 11).5 In fact, the best fit to the 
experimental EXAFS spectra was achieved when expanded 
Mn was treated as a 50%-50% mixture of y-Mn (fee) and 
ground state a-Mn. Attempts to determine the magnetic 
properties of expanded Mn resulted in a similar controversy. 
The results of all studies agreed on the antiferromagnetic 
nature of this phase, but ordering temperatures ranging from 
30 to above 320 K were reported.4'6 

Determination of the structure of expanded Mn is com- 
plicated by the fact that this phase does not have clearly 
identifiable x-ray Bragg peaks with the momentum transfer 

"'Currently at Superconductivity Technology Center, Los Alamos National 
Laboratory, Los Alamos, NM 87545. 

in the growth direction. In addition, the magnetic suscepti- 
bility of expanded Mn is small,4 so the minor changes in 
magnetic background obscure the results of susceptibility 
measurements. In this study, experimental techniques have 
been chosen to bypass these complications. Grazing inci- 
dence x-ray diffraction (GID)7 has been used to analyze the 
scattering from expanded Mn in the plane of the film. The 
magnetic properties of Mn have been tested in an exchange- 
bias experiment (similar to the one used used in Ref. 6), 
which is capable of distinguishing between paramagnetic and 
antiferromagnetic order in a material via its interaction with 
an adjacent ferromagnetic layer. 

II. SAMPLE PREPARATION 

Expanded Mn was grown on Cu(l 11) and Ag(l 11) base 
layers predeposited on epi-polished MgO(lll) single-crystal 
substrates covered with a 15 Ä thick seed layer of Mn. The 
temperature of the substrate was maintained at 200 °C during 
the growth of the seed and base layers. After deposition of 
the base, the substrate was cooled to 0 °C and further growth 
proceeded at temperatures between 0 and 25 °C. The surface 
crystallinity was monitored via in situ RHEED. The samples 
used for structural analysis [Fig. 1(b) inset] consisted of a 
single layer of Mn on the base. The samples for magnetic 
characterization [Fig. 2(b) inset] contained a layer of Fe on 
top of the Mn. 

The difference between Cu and Ag cubic lattice param- 
eters is 13%, which yields diffraction peaks well separated in 
reciprocal space. The choice of these materials for Mn 
growth insured that weak reflection(s) from Mn would not be 
overshadowed by diffraction from the base in at least one of 
the samples. The epitaxy of Mn on either of these substrates 
has not yet been studied. The lattice parameter of the close- 
packed (111) Cu surface is within the range of the lattice 
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(a) 
MgO (220) 
20=62.73° o 

o     Cu (220) 
°    20=73.96° 

FIG. 1. GID 6—20 scan for Cu-based sample. (a)q|| MgO [110]. (b) q | 
MgO [112]. Inset: sample for the GID experiment. 

parameters of the surfaces on which the growth of the ex- 
panded Mn has been observed; the lattice parameter of Ag is 
well outside this range. Indeed, the growth of Mn proceeded 
differently on each base. On Cu, formation of the expanded 
phase followed the growth of 2-3 Ä of close-packed Mn, 
while on Ag, the intermediate close-packed phase did not 
form at all and Mn grew in the expanded phase from the 
onset. With increasing thickness, the RHEED streaks broad- 
ened and diffuse background increased, suggesting increas- 
ing roughness of the Mn surface. This deterioration was 
greater in films grown on Ag(lll). 

III. STRUCTURAL CHARACTERIZATION 

Diffraction spectra for the sample containing an 80_Ä 
Mn layer on Cu(lll) are shown in Fig. 1. Along the [110] 
direction (upper plot) two peaks correspond to MgO (220) 
and Cu (220) Bragg reflections. These are the only in-plane 
reflections expected from (111) oriented fee Cu and MgO for 
the x-ray wavelength \=1.54Ä. Diffraction with q along 
the [112] direction (lower plot) produced a single peak at 
20 = 41.20° (|q| = 2.86 A"1). This peak was found to be 
sixfold symmetric with respect to sample rotation around the 
film normal. Identical measurements performed on the 
sample containing a 55 Ä thick Mntayer on Ag(lll) pro- 
duced similar spectra, with the Ag(220) peak replacing the 
Cu peak in Fig. 1. The in-plane diffraction spectra of a ref- 
erence jjample (Cu base on MgO(lll)) showed no peaks in 
the [112] direction. This result and the sixfold symmetry of 
the q,i2 = 2.86 Ä-1 peak imply that it arises from expanded 
Mn. 

Two finer points are also worth mentioning in this re- 

gard: (a) an extremely weak peak at qm = 2.94Ä_1 was 
observed in out-of-plane diffraction spectra of the samples 
grown on Ag, but not on Cu (an identical peak was also 
reported in Ref. 5); (b) the x-ray momentum transfer in [112] 
direction does not match the surface reciprocal lattice vector 
in the same direction (2.69 A-1) obtained by in situ 
RHEED. 

Diffraction peaks obtained from expanded Mn are incon- 
sistent with either fee or Lave phase structures. The discrep- 
ancy between the surface and bulk momentum transfer indi- 
cates a difference between bulk and surface periodicities. 
This suggests a rather complicated atomic arrangement in 
expanded Mn. We observed a similar discrepancy in a- 
Mn(110) grown at elevated temperature on MgO(lll). A 
qualitative analysis of the atomic arrangement in a-Mn(HO) 
suggests that the symmetry and size of the surface unit cell 
observed in the expanded phase may be achieved from a-Mn 
by a combination of a strain along the [110] direction and a 
shear along the [001] direction. Such a distortion would re- 
duce the symmetry of the crystal to trigonal. To explain the 
x-ray data one has to envoke an additional lattice expansion 
in the plane of the film. 

IV. MAGNETIC CHARACTERIZATION 

The magnetic properties of expanded Mn were investi- 
gated by coating it with a 10-30 Ä thick Fe film and mea- 
suring the exchange bias induced across the Fe/Mn interface. 
Initial growth of Fe on Mn was characterized by a gradual 
decrease in the intensity of Mn RHEED streaks. Upon depo- 
sition of approximately 12 Ä of Fe, a sharp RHEED pattern, 
corresponding to multidomain bec Fe (110), was observed. 
Nevertheless, in samples containing more than 10 Ä of Mn 
on Ag(lll) and more than 20 Ä of Mn on Cu(lll), weak 
and fuzzy RHEED reflections from Mn were observed along 
with the Fe diffraction pattern even for an Fe thickness of 30 
Ä. The absence of the Fe RHEED pattern for low coverages 
and the coexistence of the RHEED patterns at higher cover- 
ages indicate significant short-scale roughness of the Fe/Mn 
interface. Mössbauer spectroscopy of the Fe layer suggests 
that the microscopic interdiffusion of Fe and Mn was con- 
fined to the first 1-2 ML (at least in the smoothest samples) 
while the remainder of the Fe layer showed properties close 
to that of bulk bec Fe. 

Exchange bias in Fe/Mn bilayers was measured by field 
cooling the sample in 5 kG applied in the plane of the film 
and recording the hysteresis curve of the ferromagnetic layer. 
The measurements were performed in a superconducting 
quantum interference device (SQUID) magnetometer with a 
typical offset field of «4 0e. The magnitude of the ex- 
change field HE (shift of the center of the hysteresis from 
H=0) was studied as a function of temperature. In a system 
where an antiferromagnet and a ferromagnet have a common 
interface, HE is nonzero below the blocking temperature TB, 
somewhat lower than the Neel temperature of the 
antiferromagnet.8 The value of TB may thus be used to place 
a lower limit on TN. 

The temperature dependencies of the exchange field in 
Fe/Mn bilayers grown on Ag and Cu bases are shown in Fig. 
2. In all samples, a nonzero exchange bias at temperatures 
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FIG. 2. Exchange field as a function of temperature in the bilayers grown on 
(a) Cu(lll) and (b) Ag (111). Inset: sample for magnetic characterization. 

below 20 K indicated antiferromagnetic order in expanded 
Mn. The temperature dependence of the bias in the films 
with different Mn thickness was noticeably different, de- 
pending on the base. In samples grown on Ag, the blocking 
temperature showed no dependence on Mn thickness. On Cu, 
decreasing the thickness of the Mn layer resulted in the re- 
gion of nonzero HE(T) extending to higher temperatures 
[Fig. 2(a)]. 

V. DISCUSSION 

The exchange bias effect originates from the spin inter- 
actions across the ferromagnet-antiferromagnet interface 
and therefore may be affected by the roughness of the inter- 
face. In Fe/Mn bilayers, the roughness is due to the rough- 
ness of the bare Mn layer which increased with increasing 
thickness, most rapidly when grown on Ag. Since all Ag 
based samples exhibited the same TB^20 K, independent of 
Mn thickness, roughness can be eliminated as a reason for 
the drop in TB with increasing Mn thickness in samples 
grown on Cu. 

Alternatively, the observed behavior of TB in samples of 
different composition may be explained if the fraction of 
y-Mn grains in the layer is taken into account. The y-Mn is 
antiferromagnetic with a Neel temperature of 540 K, so the 
presence of this phase should alter the magnetic properties of 
the Mn layer and specifically the blocking temperature mea- 

sured in the exchange-bias experiment. The presence of 
y-Mn grains in Mn layers grown on hexagonal surfaces has 
been suggested before, in reference to Mn/Co3 and Mn/Ir5 

multilayers, although the spatial distribution of this phase 
across the layer remains unknown. 

It is reasonable to assume that different substrates pro- 
mote y-Mn growth to a different degree. The major indica- 
tion of this dependency comes from the different Mn layer 
thicknesses at which V2 X V3~ reconstruction of the RHEED 
pattern occurs in different systems. Among the samples ana- 
lyzed in this study, the epitaxial growth of y-Mn occurred in 
Cu-based samples (lattice mismatch 3%) and not in Ag- 
based samples (lattice mismatch —9%). The RHEED obser- 
vations discussed in Sec. II suggest that even in the most 
favorable case (Cu base), the y-Mn is confined to a few 
monolayers closest to the substrate. 

Because of this confinement, increasing the Mn thick- 
ness on Cu-based samples leads to a decreasing fraction of 
y-Mn in the layer. Our data correlates this decrease with the 
drop in TB. On Ag, the Mn layer consists of the pure ex- 
panded phase and samples with different layer thickness 
show the same TB<**20 K. Roughly the same value of TB is 
observed in the sample containing the thickest Mn layer 
grown on Cu (30 A). This interpretation also helps explain 
the high value of TB^320 K observed in Co/Mn multilayers 
where the presence of fee grains was more apparent.3 

Finally, the small value of TB in the expanded Mn is also 
consistent with this phase being a distorted a-Mn (TN 

= 95 K). If the (330) reflection of a-Mn is taken as a refer- 
ence point (|q| = 2.99 A~'), expanded Mn results from 5% 
expansion within the (110) plane. Based on the out-of-plane 
peak observed in Ag-based samples, 2% expansion in that 
direction may be argued. An increase in atomic volume can 
result in the decrease of the absolute value of the exchange 
between magnetic ions which would lead to a suppression in 
TN. 

In conclusion, the structural data obtained in this study 
suggest that the atomic arrangement in the expanded phase 
of Mn is similar to that of trigonally distorted a-Mn. Pure 
expanded Mn is antiferromagnetic with a Neel temperature 
likely equal to or below that of a-Mn, which is also consis- 
tent with the proposed distortion. Higher values of TB, also 
seen in previous studies, may be attributed to the presence of 
fee grains. 
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Growth and magnetism of one Mn monolayer on Ag(100) 
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Structural properties of Mn films, with a thickness of one monolayer (ML), deposited on a Ag(100) 
substrate have been investigated both experimentally (photoemission and ion scattering 
spectroscopies) and theoretically (tight-binding linear muffin-tin orbital method). The magnetic 
structure of the films and the effect of magnetism on their relative stability have been investigated 
ab initio. We find that after Mn evaporation [at room temperature (RT)], a superficial MnAg alloy 
is formed. Mild annealing gives rise to the formation of an (almost) inverted Mn monolayer covered 
by a Ag plane, i.e., the second atomic plane of the sample is mainly constituted by Mn atoms, 
whereas the first atomic layer is almost a pure Ag plane. A complete inversion of the Mn ML can 
be obtained by direct sequential deposition of Mn and Ag at 80 K. Our calculations on the energetic 
stability of 1 ML of Mn on top of Ag(100) versus 1 ML of Mn covered by one Ag atomic plane, 
show that the second situation is energetically preferred. This is also true when this situation is 
compared to the formation of a 2-ML-thick MnAg alloy on Ag(100). We find that the inverted Mn 
monolayer tends to be ferromagnetic and that magnetism acts against interdiffusion. © 1998 
American Institute of Physics. [S0021-8979(98)29111-0] 

Much work has been devoted in the last years to the 
growth and magnetic properties of thin transition metal films 
deposited on noble metals.1'2 Interesting magnetic effects are 
expected when a species grows on a substrate with a crystal- 
lographic structure that is different from its bulk one. In this 
respect, we have grown Mn ultrathin films on a Ag(100) 
substrate and analyzed the resulting overlayers by ion scat- 
tering spectroscopy (ISS) and x-ray photoelectron diffraction 
(XPD). We show that deposition of 1 monolayer (ML) of Mn 
on Ag(100) at room temperature (RT) gives rise to a pseudo- 
morphic superficial alloy where the Mn atoms are confined 
within the first and the second (but not in deeper) atomic 
layers. Annealing the film or depositing the Mn at a higher 
temperature (however <350 K) causes the Mn atoms, ini- 
tially in the first layer, to occupy sites in the second layer. To 
complete this structural study we have performed ab initio 
electronic band structure calculations. The experimental and 
theoretical results are in good agreement and show evidence 
of an inverted Mn ML, i.e., 1 ML of Mn covered by one Ag 
plane. Experimentally, this inverted monolayer is found to be 
stable up to «* 350 K, with Ag atoms substituted by Mn at- 
oms in deeper layers above this temperature. 

The experiments were conducted in an ultrahigh vacuum 
chamber equipped with photoemission, low energy electron 
diffraction (LEED), and ISS techniques. The Mn was depos- 
ited at a low rate, typically 0.2 ML/min, onto Ag(100) sub- 
strate which had been prepared ex situ by mechanical and 
chemical polishing and cleaned in situ by sputtering and an- 
nealing. The Mn coverage was determined by a quartz mi- 
crobalance as well as core level photoemission. The base 
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pressure was below 4 X 10"10 Torr, even during evaporation, 
and contamination levels were below the detection limit. Fig- 
ure 1 shows typical Mn 2p3/2 XPD profiles, obtained in the 
[001] high symmetry plane of the Ag substrate, for 0.9 ML 
of Mn deposited at 80 K and 300 K. As can be seen, the 
relevant data do not show any modulations when growth 
takes place at 80 K, i.e., the Mn must lie flat on top of the 
Ag substrate. If bilayer formation or alloying were to take 
place, one should observe strong forward scattering of the 
photoelectrons emitted by Mn in the second or deeper atomic 
layers. Such a strong forward scattering peak becomes ap- 
parent indeed in the [001] plane at a polar angle 0=45° 
when the Mn is deposited at RT. In the [110] plane, how- 
ever, the profiles (not shown) remain quite isotropic for all 
structures considered here. This can be simply interpreted in 
terms of formation of a surface alloy involving the two top- 
most atomic layers, which are mixed MnAg layers.3-5 This 
surface alloy keeps the Ag face-centered-cubic (fee) lattice, 
with the same parallel and perpendicular parameters, and ex- 
hibits a composition close to Mn05Ag05, as well as a c(2 
X2) superstructure immediately after deposition. Moreover, 
it appears to be unstable upon annealing at RT3 or above. 
The effect of mild annealing at 330 K is summarized in 
Table I. On one hand, the composition of the topmost layer 
as determined by ISS evolves from «*40% of Mn for a 
sample left about 100 min after deposition at RT, to 27% of 
Mn after annealing at 330 K. On the other hand, Mn enrich- 
ment of the second atomic layer shows up in a marked in- 
crease of the 45° forward scattering peak: The anisotropy 
A=[/(45°)-/(30°)]/[/(45°) + /(30°)] increases from 
20% to 24%. This is because only Mn atoms in the second 
layer contribute to the forward scattering peak. Actually, a 
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FIG. 1. Angular distributions of the Mn 2/>3/2 core level intensity in the 
[001] plane for 0.9 ML of Mn after deposition at 80 K (bottom) and at RT 
(middle), and for 0.9 ML of Mn+0.9 ML of Ag deposited at 80 K and 
annealed at RT (top). The photon energy is 1486.6 eV Al Ka and the kinetic 
energy of the Mn 2p3/2 photoelectrons is about 849 eV. The polar angle 9 is 
referred to as the surface normal. 

nearly complete inversion of the Mn monolayer can be ob- 
tained by direct sequential deposition of 0.9 ML Mn and Ag 
at 80 K and subsequent annealing at 300 K to improve 
atomic order. As can be seen in Figure 1, the relevant XPD 
profile closely resembles the one obtained upon deposition at 
RT. Yet the anisotropy A is now as large as 32% and the 
surface composition close to a pure Ag layer. Hence, a nearly 
perfect Ag/Mn/Ag(100) structure is grown in this way. This 
structure shows a sharp p{\ X 1) LEED pattern and, accord- 
ing to XPD, remains stable up to =«350 K. At higher tem- 
perature the Mn atoms tend to move into deeper atomic lay- 
ers of the Ag(100) substrate. 

To gain more insight into the stability of Mn/Ag(100) 
films, we have performed ab initio calculations for the fol- 
lowing systems: (1) Mn (1 ML)/Ag(100), (2) Ag (1 ML)/ 
Mn(l ML)/Ag(100), and (3) Mn0.5Ag0.5 (2 ML)/Ag(100). 
These calculations simulate the experimental process of the 

TABLE I. XPD anisotropy (A) and Mn fraction in the second atomic layer 
for 0.9 ML Mn deposited at RT (a) before and (b) after annealing 5 h at 
330 K, and (c) for 0.9 ML Mn+0.9 ML Ag deposited sequentially at 80 K 
and annealed at RT for 5 min. 

Anisotropy A (%) 
Mn in 2nd layer 

20 
0.60 

24 
0.73 

32 
0.97 

TABLE II. Energy differences between the three structural situations in 
mRy/Mn atom [(1) Mn (1 ML)/Ag(100), (2) Ag (1 ML)/Mn (1 ML)/ 
Ag(100), (3) MnAg (2 ML)-alloy/Ag(100)], for the NM, FM, and AFM 
states. 

A£(2)-(l) 
(mRy/Mn atom) 

A£(3)-(D 
(mRy/Mn atom) (mRy/Mn atom) 

NM 
FM 
AFM 

-45.75 
-23.25 
-19.00 

- 8.50 
■ 10.50 
-7.75 

-37.25 
-12.75 
-11.25 

Mn growth on Ag(100), if the Mn film evolves from an 
on-top ML on Ag(100) to an inverted ML covered by a Ag 
plane, through a MnAg alloy formation. In the case of a 
MnAg alloy, we consider the simple case where one has a 
2-ML-fhick epitaxial MnAg alloy with a c(2X2) structure, 
which keeps the fee lattice of Ag(100) substrate. We apply 
the tight-binding linear muffin-tin6'7 method in the atomic- 
sphere approximation, together with the local spin-density 
approximation of von Barth and Hedin.8 The ultrathin films 
for situations (1), (2), and (3) are, respectively, modeled by 
Mn,/Ag7/Mn], Ag,/Mni/Ag5/Mn,/Agi and [Mn05Ag05]2/ 
Ag5/[Mna5Aga5]2 slabs, using the supercell technique. All 
nonmagnetic and magnetic calculations are performed taking 
into account the c(2X2) unit cell containing two atoms per 
layer and using the experimental lattice constant of 
Ag (a^x|=7.73 a.u.). For the £-space integration, we use the 
tetrahedron method910 and an increasing number of k points, 
until convergence is obtained. Total energy convergence is 
assumed with an accuracy better than 10~5 Ry. 

In order to investigate the energetic stability of an on-top 
Mn ML against the formation of an inverted Mn ML, we 
compare the total energy £(, > of 1 ML of Mn deposited on 
Ag(100), with the total energy £(2) of a Mn ML covered by 
a Ag layer. The energy differences AE(2)-(\) = E(2)~£(i) 
for nonmagnetic (NM), ferromagnetic (FM), and antiferro- 
magnetic (AFM) Mn films are reported in Table II. Regard- 
less of the magnetic state of the Mn films, we find that 
A£(2)_(i) has negative values, which means that the situa- 
tion (2), where Mn atoms form an inverted ML, is the ener- 
getically preferred state. The role which magnetism plays in 
modifying the stability of Mn films is elucidated by compar- 
ing the magnetic (FM and AFM) calculations with the NM 
one. The effect of magnetism appears with a large reduction 
( = 50%) of AE(2)_(i), which means that magnetism acts 
against interdiffusion and tends to stabilize the Mn ML film 
on the Ag(100) substrate. Of course, it should be kept in 
mind that the usual driving forces for layer inversion and 
interdiffusion such as atomic size mismatch, relative hetero- 
atomic and homoatomic bond strengths'' play a major role in 
this system too. Yet we find that the Mn case is a special one 
where magnetism makes a large unusual contribution to the 
total energy of surface atomic configurations. The magnetic 
energy gain for the FM state (22.5 mRy/Mn atom) is lower 
than for the AFM one (26.75 mRy/Mn atom), indicating that 
the long range magnetic order of the Mn films contributes to 
the strength of the magnetism effect on the stability of the 
magnetic films. The main effect, however, remains the for- 
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TABLE III. Ferromagnetic (FM) and antiferromagnetic (AFM) spin mo- 
ments (in units of fiB) and the energy differences between the FM and AFM 
states (in units of mRy/Mn atom) in the three structural situations. For 
situation (3), surface and interface Mn moments are given. A£(FM)_(AFM) 
<0 means that the FM configuration is the most stable state. 

(1) (2) (3) 

M-FM 

A1 AFM 

AE, (FM)-(AFM) 

4.04 
= 4.11 
1.00 

3.79 4.15/3.85 
3.93 4.26/-3.95 
3.50 -1.75 

mation of large local magnetic moments on Mn atoms, 
roughly 4  /J,B for all structures (see Table III). 

As to the magnetic structure of the Mn film, we compare 
the total energy .E(FM) of the FM film with the total energy 
£(AFM) °f the AFM one in the two structural situations. The 
energy differences A£(FM)_(AFM)=£'(FM)-.E(AFM), together 
with the Mn magnetic moments, are reported in Table III. 
Interestingly, we find that the magnetic structure of Mn ML 
film depends on the coordination number of its constituent 
atoms with respect to Ag atoms. While it is known from 
previous works,12 as well as the present one, that a Mn ML 
film on Ag(100) is predicted to be c(2X2) AFM, the in- 
verted Mn ML prefers the p(lxl) FM structure. Experi- 
mentally, we generally observe a sharp p{\ X 1) LEED pat- 
tern in 20-400 eV range but with a weak c(2X2) 
superstructure, at primary energies below 100 eV, for the flat 
Mn ML on Ag(100) obtained by deposition at 80 K. This 
superstructure is attributed to inplane AFM order and found 
to be definitely absent for the inverted ML in the 80-350 K 
range.13 These observations are consistent with the present 
calculations but cannot rule out the possibility that the in- 
verted layer is still inplane AFM below 80 K, i.e., coating 
with a Ag top layer merely reduces the Neel temperature 
below 80 K. 

We have also investigated the case of MnAg-alloy for- 
mation for a better understanding of the growth mode of Mn 
films on the Ag(100) substrate. The MnAg alloy is modeled 
by a 2-ML-thick c(2X2) MnAg alloy on top of Ag(100), 
where every second Mn atom is substituted by a Ag atom in 
a checkerboard type monolayer. In Table II, we report the 
results of the energy differences A£,

(3)_(1) and AE(2)_(3), 
respectively, between the total energy £(3) of the MnAg al- 
loy on Ag(100) and the total energies of the two other struc- 
tural configurations, £(1) and E(2), respectively. The nega- 
tive values of these energy differences means that MnAg- 
alloy formation is energetically preferred to 1 ML of Mn 

deposited on top of Ag(100), and energetically prohibited to 
the formation of an inverted Mn ML. This is in agreement 
with the experimental observation of the alloy formation in 
the two topmost layers of the sample, immediately after Mn 
deposition, and the further Mn/Ag atoms exchange, increas- 
ing the Mn concentration in the second atomic plane of the 
sample. 

To summarize, we have shown that Mn monolayer on 
top of Ag(100) is unstable at RT. A MnAg superficial alloy 
is formed in the two topmost atomic layers, immediately 
after Mn deposition. Moreover, the Mn incorporation in the 
second plane is thermally activated, and an inverted Mn 
layer tends to be formed by mild annealing. Eventually, the 
completely inverted ML remains stable up to 350 K. These 
experimental findings are in line with our electronic band 
structure calculations, which show that the inverted Mn layer 
constitutes the energetically preferred state as compared to a 
MnAg alloy formation or to a Mn monolayer on top of 
Ag(100). Moreover, the calculations show that magnetism 
acts against interdiffusion and tends to stabilize the Mn 
monolayer film on top of Ag(100), but not to the extent to 
prevent the formation of an inverted Mn layer at RT or 
above. As to the magnetic structure of the inverted Mn ML, 
we find that the p( 1X 1) FM order is energetically preferred 
to the c(2X2) AFM one. 
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The stability of a MnAg surface alloy was investigated employing the total energy and atomic force 
full-potential linearized augmented plane wave method based on the local density approximation 
for: (i) a clean Ag(OOl), (ii) 1 ML Mn overlayer [1 Mn/Ag(001)], (iii) 1 and 2 ML MnAg alloys as 
overlayers on Ag(OOl) [l(MnAg)/Ag(001) and 2(MnAg)/Ag(001)], and (iv) 1 ML Mn diffused into 
Ag(OOl) substrate [Ag/1 Mn/Ag(001)]. Results obtained show that 2(MnAg)/Ag(001) is much more 
stable than 1 Mn/Ag(001) (by a large energy difference of 150 meV), whereas l(MnAg)/Ag(001) is 
marginally more stable (by a slight energy difference of 8 meV) compared to a separate phase of Ag 
and Mn atoms. Surface Mn and subsurface Mn atoms in 2(MnAg)/Ag(001) were found to be 
coupled antiferromagnetically with magnetic moments of 3.96 and - 3.55 fiB, respectively. The 
surface corrugation (Az = 0.05 a.u.) of 2(MnAg)/Ag(001) was found to be much smaller than that 
(Az = 0.5a.u.) of another magnetically stabilized surface alloy system, MnCu/Cu(001). No 
significant magneto-optical effects for antiferromagnetic Ag/Mn/Ag(001) were found due to the 
small off-diagonal elements of the optical conductivity. © 1998 American Institute of Physics. 
[S0021-8979(98)47911-8] 

I. INTRODUCTION 

It has been known that an alloy could have a different 
chemical composition at a surface from that of its bulk, with 
new physical properties which cannot be seen in bulk. In 
addition to alloy surfaces, surface alloys can be synthesized 
by depositing one material on the surface of a second metal 
and subsequent annealing.1 Further, surface alloys phases 
may not be found in bulk and so may provide new desirable 
physical properties not seen in a bulk. 

While different surface alloys could be stabilized by dif- 
ferent mechanisms, it has been reported that the enhanced 
ferromagnetic magnetic moment ( — 3.65 fxB) at the surface 
plays an important role in stabilizing the surface alloy of 
MnCu on Cu(OOl).2 

Recently, some very interesting results were also ob- 
tained for Mn atoms grown on an Ag(001) surface. A promi- 
nent c(2X2) low-energy electron diffraction (LEED) pat- 
tern was observed when one monolayer (ML) dosage of Mn 
atoms is deposited on Ag(001) at room temperature, whereas 
only a diffuse c(2X2) LEED pattern was observed for a 
half-ML dosage. The prominent LEED pattern was con- 
firmed with LEED current-voltage (/- V) analysis to be best 
fitted to a 2 ML MnAg surface alloy on an Ag(001) substrate 
[2(MnAg)/Ag(001)].3 

We report on first principles calculations done to give 
some physical informations on the formation of a MnAg 
surface alloy. Employing the full-potential linearized aug- 
mented plane wave (FLAPW) method,4 the atomic structure 
of the MnAg surface alloy was determined from total energy 
and atomic force calculations for clean Ag(001), l(MnAg)/ 

"'Electronic mail: schong@uou.ulsan.ac.kr 

Ag(OOl), 1 Mn/Ag(001), Ag/1 Mn/Ag(001), and 2(MnAg)/ 
Ag(OOl). In addition to the magnetic moments, we also cal- 
culated the optical conductivity tensor and the polar Ken- 
angles for Ag/1 Mn/Ag(001) (which turns out to be energeti- 
cally the most stable system) and also for a free standing Mn 
monolayer and a Mn bulk with Ag lattice constants. 

II. METHOD 

To investigate the atomic structure of Mn atoms grown 
on Ag(OOl), we calculated total energies and atomic forces5 

of the system, employing the FLAPW method. Single slabs 
composed of seven layers in total were employed and the 
two dimensional unit cell was taken with two atom types per 
layer to accommodate the c(2X2) structure observed in 
LEED.3 

The local density Kohn-Sham equations6 are solved 
self-consistently using the FLAPW method with about 1400 
basis functions and 15 special k points within the irreducible 
2D Brillouin zone. Self-consistency is assumed when the av- 
erage root mean square differences between input and output 
charge and spin densities are less than 1 X 10~4 e/(a.u.)3 and 
the total energy is stable to within 0.02 mRy. The lattice 
constant (a = 7.58 a.u.) obtained from calculations for bulk 
Ag with the same method is adopted for the 2D lattice con- 
stant of the Ag substrate. A relaxed structure is assumed to 
be found if the atomic forces are less than 1.5 mRy/a.u. 

For the polar surface magneto-optical Kerr effect 
(SMOKE) calculation, we treated the spin-orbit coupling 
(SOC) in a second variational method7 without spin-flip con- 
tributions by neglecting the off-diagonal elements of the 
SOC matrix. For the optical conductivity tensor the interband 
transitions were calculated with linear response theory.8 We 
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TABLE I. Total energies (eV) of 1 Mn/Ag(001), 2(MnAg)/Ag(001), and 
Ag/1 Mn/Ag(001) in paramagnetic (PM), ferromagnetic (FM), and antifer- 
romagnetic (AFM) phases referred to that of 1 Mn/Ag(001) in the PM state. 

Total energy (eV) 

System PM FM AFM 

1 Mn/Ag(001) 
2(MnAg)/Ag(001) 
Ag/1 Mn/Ag(001) 

0.0 
-0.25 
-0.72 

-1.53 
-1.64 
-1.94 

-1.60 
-1.75 
-1.96 

TABLE II. Magnetic moments(/is) of Mn atoms in 1 Mn/Ag(001), Ag/1 
Mn/Ag(001), l(MnAg)/Ag(001), and 2(MnAg)/Ag(001). 

System 

AFM 1 Mn/Ag(001) 
AFM Ag/1 Mn/Ag(001) 
FM 1 (MnAg)/Ag(001) 
AFM 2(MnAg)/Ag(001) 

Magnetic moments(yU,B) 

S 
S-l 

3.94 
3.73 
4.16 
3.96 

-3.55 

did not include the intraband contribution (which contributes 
in the low energy region below 2 eV)9 which is usually done 
by adding the Drude term to the diagonal conductivity ele- 
ments, due to the difficulty of finding the Drude lifetime and 
conductivity for the various environments used. We intro- 
duced finite lifetime broadening effects by using a Lorenzian 
corresponding to a life time parameter, T (taken as 0.41 eV), 
to calculate the optical conductivity elements. Then the com- 
plex Kerr angle is obtained by Fresnel's law. 10 

III. RESULTS 

A. Atomic structure: Total energy and atomic force 
calculations 

Relaxed structures of our systems were determined from 
minimization of the total energy and absolute values of the 
atomic forces. To determine the stability of the MnAg sur- 
face alloy, we first calculated the total energies of the fully 
relaxed Ag(001), 1 Mn/Ag(001), and l(MnAg)/Ag(001) and 
compared the total energy (TEj (MnAg)/Ag) of ML MnAg sur- 
face alloy to the average of the total energies of a clean 
Ag(001) (TEAg) and ML Mn on Ag(001) (TE1Mn/Ag). The 

difference, TE1MnAg/Ag-KTEAg+TE1Mn/Ag), was found to 
be small, about — 8 meV. This indicates that the ordered 
MnAg surface alloy ML is energetically slightly more stable 
compared to a separate existence of Ag and Mn layers, but 
this may not be observable at room temperature, and may 
explain why the distinct c(2X2) LEED pattern was not ob- 
served in the experiment when a half-ML of Mn atoms was 
deposited on Ag(001). 

Table I shows the total energies of 1 Mn/Ag(001), 
2(MnAg)/Ag(001), and Ag/1 Mn/Ag(001) in different mag- 
netic states, i.e., paramagnetic (PM), ferromagnetic (FM), 
and antiferromagnetic (AFM), referred to that of 1 Mn/ 
Ag(001) in the PM state. In these calculations, the average 
interlayer spacing of bulk Ag and Mn were used for those of 
Mn-Ag and MnAg-Ag with no allowance for relaxation. 
Since the relaxation energy is of order 10 meV and the en- 
ergy differences among magnetic states and atomic struc- 
tures are of order 100 meV, any conclusions from these cal- 
culations should not be changed by including relaxation. As 
shown in Table I, AFM states are found to be the most stable 
compared to PM and FM states for all three systems: 
2(MnAg)/Ag(001) is much more stable compared to 1 Mn/ 
Ag(001), by 150 meV, which is the reason why a prominent 
c(2 X 2) LEED pattern was observed in the experiment when 
the dosage of Mn atoms is 1 ML.3 Furthermore, Ag/1 Mn/ 
Ag(001) is the most stable among the three systems so that 

Ag surface segregation would occur when the system is an- 
nealed. This also agrees with experiment where an analysis 
of the LEED /- V curve indicated diffusion of Mn into the 
Ag substrate with annealing.3 

For l(MnAg)/Ag(001), surface corrugation (Azs=zAg 

— zMns 0.02 a.u.) in the FM phase was found to be negli- 
gible whereas a significant corrugation (Az^^ + 0.4 a.u.) 
was found in the PM phase. By comparison, the results for 
l(MnCu)/Cu(001)2 show corrugation (Azs) to be -0.5 a.u. 
and almost zero for the FM and PM phases, respectively. 
Our results come from the 13% larger atomic radius of Ag 
compared to that of Cu. As found from total energy calcula- 
tions for 1 Mn/Ag(001),n AFM coupling results in a larger 
interlayer spacing (by 0.03 a.u.) compared to FM coupling. 
Even though we did not calculate which magnetic state 
would be more stable in l(MnAg)/Ag(001) (since allowing 
AFM coupling requires four atom types per layer and much 
more computing time), AFM coupling between Mn atoms 
might result in further reduced corrugation. Noting that the 
atomic radius of Mn is much smaller than that of Ag, this 
result is very interesting and may be explained by magnetic 
pressure due to the greatly enhanced magnetic moment 
(4.16 /xB) of Mn in the surface alloy compared to those (1.84 
or 1.75 /xB, depending on atom type)12 of bulk Mn. 

For 2(MnAg)/Ag(001) in the AFM ground state, some- 
what   larger   corrugations   (Azs=+0.05   and   Azs~i = 
— 0.098 a.u.) were calculated. 

B. Magnetism 

Magnetic moments of Mn atoms in relaxed AFM 1 Mn/ 
Ag(001), Ag/1 Mn/Ag(001), 2(MnAg)/Ag(001), and FM 
l(MnAg)/Ag(001) are presented in Table II. As mentioned in 
the previous section, AFM couplings between neighboring 
Mn atoms in 1 Mn/Ag(001), Ag/1 Mn/Ag(001), and 
2(MnAg)/Ag(001) are found to be more stable compared to 
the FM couplings. The magnetic moments are calculated to 
be 3.94, 3.73, and 4.16 pB for Mn atoms in 1 Mn/Ag(001), 
Ag/1 Mn/Ag(001), and l(MnAg)/Ag(001), and 3.96 and 
-3.55 fiB for Mn(5) and Mn(S-l) atoms in 2(MnAg)/ 
Ag(001), respectively. The magnetic moments are much 
more enhanced compared to experimental values in bulk 
Mn.13 The magnetic moment (4.16 /JLB) of the monolayer 
MnAg surface alloy [l(MnAg)/Ag(001)] is gigantic, corre- 
sponding to the almost fully magnetized value due to the 
large distance between Mn atoms and the small band hybrid- 
ization between Mn and Ag atoms. This value is larger than 
those (3.75 and 3.5 fiB, respectively)2 of 1 MnCu/Cu(001) 
and 1 MnNi/Ni(001) by 11% and 19%, respectively. 



7018        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Hong, Kim, and Freeman 

0) 
s- 

a» 
73 
-e- -' 

a» 
O) 
J. 
Ml 

"w    -I 

0.5 

0.0 

0.5 

1.0 

'. (b) 

\    / 
\ / 

I 1.1, 

-* 

2 4 6 
Energy (eV) 

FIG. 1. Complex Kerr angles, (a) rotation <f> and (b) ellipticity e for: FM 
Mn bulk (thick solid), FM (thick dashed) Mn free standing monolayer, and 
AFM Ag/Mn/Ag(001) (thin dotted). All systems have the Ag lattice con- 
stant. In the AFM Mn free standing ML case the results are so small [es- 
sentially zero as in the AFM Ag/Mn/Ag(001) case] to not show up in these 
plots. 

C. Smoke 

We calculated the MOKE for (i) AFM Ag/1 Mn/ 
Ag(001) which is the most stable system compared to 1 Mn/ 
Ag(001) or 2(MnAg)/Ag(001), (ii) FM and AFM Mn free 
standing ML, and (iii) FM Mn bulk with the same (Ag) 
lattice constant. The results are shown in Fig. 1. For AFM 
systems we obtained negligible MOKE angles compared to 
those of FM systems, due to their small off-diagonal conduc- 
tivity elements, axy. The finite value of axy which is crucial 
for the magneto-optical effects results from the spin-orbit 
coupling and the exchange splitting. As pointed out by Ersk- 
ine and Stern,14 the imaginary part of the off-diagonal con- 
ductivity elements, ax

2
y , which measures the difference in 

absorption of the right and left circularly polarized light, 
vanishes if either the spin-orbit coupling or the exchange 
coupling is switched off since the spin up and spin down 
contributions cancel each other. This cancellation will also 
occur in AFM from the contribution of atoms with opposite 
magnetic moments and, as a result, the off-diagonal elements 
of conductivity are negligibly small compared to the diago- 
nal elements. 

Figure 1 shows that there is a significant surface effect 
on MOKE; the MOKE angles for FM ML Mn and for bulk 
Mn are totally different. We found that the surface effect 
mainly influences axy and this influence is reflected in 
MOKE; the peak positions exhibited in the MOKE angles in 
Fig. 1 coincide well with those that occur in axy. However, 
the diagonal conductivity, axx, shows similar behavior for 
both ML and bulk Mn (except for different magnitudes). 

We also found that different peak positions in the ab- 
sorptive part of the diagonal conductivity, o^, are well 
explained by the change of density of states (DOS) for d 

bands due to different environment and magnetic ordering. 
For example, a large absorption peak was observed around 
the energy region of 2 eV (3 eV) for AFM Ag/Mn/3 Ag 
(AFM ML) in which the extremely narrow spin down d 
bands lying around 2 to 3 eV (3 to 4 eV) below EF gives a 
large peak in the density of states (DOS). 

IV. CONCLUSIONS 

The bilayer MnAg surface alloy on Ag(001) is much 
more stable energetically compared to a Mn monolayer on 
Ag(001) by about 150 meV whereas the monolayer MnAg 
surface alloy is slightly more stable compared to the separa- 
tion of Mn and Ag atoms at the surface. These facts are 
consistent with recent experiments which observed bright 
c(2X2) LEED spots for a bilayer MnAg surface alloy and 
dim LEED spots for the monolayer. The surface corrugations 
(0.02 and 0.05 a.u.) of l(MnAg)/Ag(001) and 2(MnAg)/ 
Ag(001) was found to be much smaller than that (0.5 a.u.) of 
a MnCu surface alloy on Cu(001)—also in agreement with 
experiment. The magnetic moments were calculated to be 
4.16, 3.96, and 3.55 fiB for Mn(5) in MnAg(OOl), and 
Mn(5) and Mn(S-l) in 2(MnAg)/Ag(001). 

We found no significant magneto-optical effects for 
AFM Ag/1 Mn/Ag(001) due to the small off-diagonal ele- 
ments of the optical conductivity compared to the diagonal 
elements. The conductivity elements were largely influenced 
by the change of the d band density of states caused by 
surface effects and different magnetic ordering. 
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Artificial FeCu(100) epitaxial ordered alloy films: Element-selective 
magnetic properties 

W. Kuch,a) M. Salvietti, Xingyu Gao, M. Klaua, J. Barthel, Ch. V. Mohan, 
and J. Kirschner 
Max-Planck-Institut für Mikrostrukturphysik, Weinberg 2, D-06120 Halle, Germany 

Epitaxial artificial FeCu alloy thin films in the fee LI0 ordered phase were prepared by pulsed laser 
deposition on Cu(100). Magnetic circular dichroism in x-ray absorption at the Fe and Cu L2j3 edges 
was used to study the electronic and magnetic properties of the normally immiscible FeCu(lOO) 
alloy films. The Fe exhibits magnetic moments comparable to that of fee Fe films, ruling out the 
occurrence of nonmagnetic fee Fe. The ratio between orbital and spin contribution to the Fe d 
moments is significantly enhanced in FeCu with respect to Fe/Cu(100), and amounts to «0.12. An 
induced magnetic moment of the Cu atoms is observed, which carries about 7% of the total d-band 
moment of the FeCu film.   © 1998 American Institute of Physics. [S0021-8979(98)48011-3] 

Magnetic artificial alloys have not yet been subject to 
investigations concerning their element-selective magnetic 
properties. Artificial alloys of the otherwise immiscible ele- 
ments Fe and Cu have been synthesized mechanically in the 
bulk by ball milling techniques1'2 as well as by sputtering.3'4 

It was reported that for Fe concentrations below «70% the 
fee structure is assumed, and for higher Fe concentrations the 
bec structure.2'3 In contrast to these techniques we use pulsed 
laser deposition to stabilize the fee phase of epitaxial artifi- 
cial FeCu alloy thin films on Cu(100). The films grow in a 
layer-by-layer mode already starting with the first layer, as 
judged by reflection high energy electron diffraction during 
growth.5 Subsequent deposition of monoatomic layers of Fe 
and Cu results in the L10 ordered phase of FeCu. These films 
exhibit an easy axis of magnetization in the film plane.5 

Scanning tunneling microscopy investigations show a degree 
of layer perfection better than 98% per deposited FeCu 
bilayer.5 Spin-resolved valence band photoemission mea- 
surements revealed bands which are present due to the re- 
duced size of the alloy Brillouin zone perpendicular to the 
film plane.6 This reflects the doubling of the unit cell in the 
ordered alloy with respect to pure Cu or Fe, and additionally 
proves the structural quality of our stacked samples. 

In this contribution we report results of magnetic circular 
dichroism in soft x-ray absorption (XMCD) measurements of 
these fee FeCu alloy films. XMCD probes the spin asymme- 
try of the unoccupied part of the band structure just above 
the Fermi level. The dichroism, i.e., the difference in absorp- 
tion cross section upon reversal of the magnetization direc- 
tion, depends on the transition probability for spin-up and 
spin-down electrons into the mainly minority type unoccu- 
pied bands, and constitutes an element selective measure of 
magnetic and electronic properties.7 Sum rules8'9 allow under 
some assumptions to extract the elementally resolved spin 
and orbital magnetic moments from the experimental absorp- 
tion spectra. 

Films of 10 atomic layers (monolayers, ML), alternat- 
ingly consisting of Fe and Cu, were deposited by pulsed laser 

"'Electronic mail: kuch@port.exp.bessy.de 

deposition at room temperature on a Cu(001) substrate. A 
cap layer of 3 ML Au was evaporated on top for protection 
against residual gases. After preparation of the samples, 
which was done at the laboratory in Halle, the samples were 
transferred under ultrahigh vacuum (UHV) conditions to the 
Berlin synchrotron radiation source (BESSY). During the 
transport a pressure of about 4X 10"8 Pa was maintained in 
the transfer chamber. The typical time interval for transfer 
and transport elapsed between the preparation of the samples 
and the beginning of the measurements at BESSY was about 
4h. 

XMCD measurements were performed at a sample tem- 
perature of 120 K. The sample was remanently magnetized 
along the in-plane [110] direction by ramping the current 
through a coil. The magnetization procedure was monitored 
by magneto-optical Kerr effect, as was the presence of the 
remanence before and after each scan of data acquisition. 

Absorption spectra were taken at the PM-3 beamline at 
BESSY. The photon energy resolution was «* 1.5 eV in the 
region of the Fe and Cu L edges. Circularly polarized x rays 
were obtained by selecting light from 0.3 mrad below the 
ring orbit. Measurements of Co reference films yielded an 
estimate of about 40% for the degree of circular polarization 
in that configuration. The total electron yield was recorded 
by measuring the sample drain current with a bias voltage of 
- 27 V applied. The sample magnetization was reversed af- 
ter each energy scan. The 8 or 10 scans at the Fe L edge, and 
between 40 and 60 at the Cu L edge were summed up. The 
spectra were normalized to the current of a gold grid monitor 
located just behind the exit slit of the monochromator, and 
corrected for the angle of light incidence of 45° and the 
estimated degree of circular polarization. The analysis of the 
Fe L2>3 absorption spectra was done as outlined in Ref. 10 or 
11. In particular, the spectra were normalized to unity edge 
jump, and two step functions of 0.5 eV width and 2/3(1/3) 
height at the L3(L2) absorption maxima were subtracted. A 
constant number of Fe 3d holes of 3.34 was assumed.12 The 
Cu L2,3 spectra were analyzed by comparing them to the 
spectra of Ref. 13, taking into account the different angle of 
incidence and the different degree of light polarization in our 

0021-8979/98/83(11 )/7019/3/$ 15.00 7019 © 1998 American Institute of Physics 



7020 J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Kuch et al. 

700 720 740 
photon energy (eV) 

760 

FIG. 1. (a) Absorption spectra at the Fe L23 edge of a 10 ML FeCu film for 
parallel (dotted line) and antiparallel alignment of magnetization direction 
and light helicity (solid line), (b) Difference between the spectra of (a). 

experiment. In this way the value for the ratio of white line 
intensity to number of d holes for Cu of Ref. 13 is used, and 
it is not necessary to integrate the Cu absorption intensity. 

Absorption spectra at the Fe-L2 3 edge are shown in Fig. 
1(a). Spectra for parallel and antiparallel alignment of mag- 
netization direction and light helicity are reproduced by dot- 
ted and solid lines, respectively. The difference between the 
two spectra is plotted in Fig. 1(b). A strong dichroism is 
observed with negative (positive) peaks at the L3(L2) edges. 
The sum rule analysis of the data yields a spin moment of 
1.8±0.06/iB, and a ratio of orbital to spin moment of 
0.12±0.03. 

Measurements under identical experimental conditions 
of 3.5 ML fee Fe/5 ML Co/Cu(100) films, which are entirely 
ferromagnetically ordered,14 resulted in a similar spin mo- 
ment of l.9±0.1'fiB, and also in a similar (within 5%) white 
line intensity.6 The cited errors represent the accuracy and 
reproducibility of the measurements, and do not include sys- 
tematic errors due to uncertainties in the exact degree of 
circular polarization, the number of 3d holes, or the details 
of the steplike background subtracted for white line integra- 
tion. They are, however, appropriate for comparing results 
obtained from different samples under identical experimental 
conditions. Comparing the results from the FeCu alloy and 
the Fe/Co reference film, we conclude that all of the Fe at- 
oms in the FeCu alloy film carry a moment close to that of 
fee Fe. In the sum-rule analysis the contribution of the mag- 
netic dipole term9 to the spin moment is usually neglected, a 
variation of which may introduce an additional error of up to 
10%.15 The ratio /xLl/JLS between the orbital and spin mo- 
ment, nevertheless, is significantly enhanced in the FeCu 
film, being about a factor of 3 larger than in the 3.5 ML Fe 
film (0.04±0.01).6 Increased orbital moments have been ob- 
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FIG. 2. (a) Absorption spectrum at the Cu L23 edge of a 10 ML FeCu film, 
averaged over antiparallel and parallel alignment of magnetization direction 
and light helicity. The inset shows a sketch of the film architecture, (b) 
Absorption difference between antiparallel and parallel alignment of mag- 
netization direction and light helicity at the Cu L213 edge. Note the different 
vertical scale with respect to (a). 

served previously in films of decreasing thickness,16 and 
have been discussed in terms of higher density of states at 
the Fermi level,1617 and magnetic anisotropy.15'18 We tenta- 
tively conclude the observed orbital moments as a conse- 
quence of the ordered layer stacking, reflecting the electronic 
structure of the FeCu films. 

Figure 2(a) shows the absorption spectrum of FeCu at 
the Cu L2,3 edge. Here, the average absorption for both mag- 
netization directions is reproduced rather than the individual 
curves, because the difference between these is much smaller 
than at the Fe L2,3 edge, and would not be reproduced clearly 
on the scale of Fig. 2(a). This is seen from Fig. 2(b), where 
analogously to Fig. 1(b) the difference in absorption between 
antiparallel and parallel alignment of magnetization direction 
and light helicity at the Cu L23 edge, corrected for the angle 
of light incidence and the estimated degree of circular polar- 
ization, is reported. Note the vertical scale, which is blown 
up by an (arbitrary) factor of 10 with respect to Fig. 2(a). A 
small but distinct dichroism at the energetic positions of the 
Cu L3 and L2 edges with the same sign as at the respective 
Fe edges is observed. It amounts to about — 4% and +2% 
of the Cu edge jump height. A magnetic moment is thus 
present at the Cu atoms, introduced by the presence of the Fe 
atoms. 

Applying the sum rules to the spectra of Fig. 2 yields Cu 
atomic spin moments of 0.05 ± 0.005 fiB. Before comparing 
this value to other systems, it has to be considered though 
that by measuring the absorption by the total electron yield 
there is still a significant contribution from the Cu(100) sub- 
strate to the Cu absorption signal at the thickness of the FeCu 
films (10 ML). For a mean free path of 11 ML («20 Ä) the 
Cu signal stems to about 55% from the substrate. Assuming 
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that the substrate atoms do not show any magnetic dichro- 
ism, /is = 0.12±0.01/uB is obtained for the Cu atoms in the 
FeCu film. Comparing that to the Fe atomic moment it is 
found that about 7% of the J-band magnetic moment of the 
FeCu film is carried by the Cu atoms. 

The induced Cu magnetic moments are higher than those 
observed in Co/Cu multilayers (0.05yiiB)13'19 or Fe/Cu mul- 
tilayers (up to 0.09 fiB, depending on the Cu layer 
thickness),19 but comparable to Co90Cu10 films 
(0.13/ufi).

13'19 Theoretical calculations for Cu induced mo- 
ments in Fe/Cu multilayers yielded values of 0.07,20 0.05,21 

and 0.06 /JLB .21 For a layered FeCu alloy similar to the one 
investigated here the resulting theoretical moment was 
0.08 fjLB ,22 This is slightly lower than what we observe ex- 
perimentally, but has the right order of magnitude. It is con- 
ceivable that details in which the geometric structure as- 
sumed for the calculations differs from the structure realized 
in the FeCu samples may account for the differences be- 
tween theory and experiment. 

In conclusion, we have investigated ultrathin epitaxial 
fee FeCu ordered alloy films on Cu(100). Element selective 
electronic and magnetic properties were obtained by XMCD 
at the Fe and Cu L2,3 edges. Induced moments of the Cu 
atoms, which amount to about 6% of that of the Fe moments, 
and increased Fe orbital moments were found. The findings 
are attributed to the modification of the electronic structure 
due to hybridization between Fe and Cu derived states, the 
reduced symmetry along the surface normal, and altered di- 
mensionality in the layered alloys. 
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within the framework of the local density approximation + U method 
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Stimulated by MCXD measurements, the determination of orbital magnetic moments, ML, at 
surfaces and interfaces has become a subject of strong interest. We combine the rotationally 
invariant local density approximation (LDA) + f/ total energy functional with a relativistic 
self-consistent spin-polarized version of the total energy full-potential linearized augmented plane 
wave method in order to determine ML at surfaces and interfaces. As illustration, the method is 
applied to Co overlayers on Cu(OOl). We find an enhancement of the Co orbital magnetic moment 
in LDA+ U calculations in comparison with local spin density functional approximation (LSDA) 
results. ML as a function of magnetic Co-film thickness is analyzed. The MLIMS ratio is calculated 
to be different for different Co layers (i.e., interface, surface, or remaining Co layers) in Co/Cu(001), 
and is shown to be dependent on the Co overlayer thickness. Finally, the use of LDA+ U is shown 
to give MLIMS in better agreement with MCXD data than does LSDA. © 1998 American Institute 
of Physics. [S0021-8979(98)37611-2] 

First principles electronic structure calculations of tran- 
sition metal surfaces and ultrathin films1 show that there is a 
significant enhancement of spin and orbital magnetic mo- 
ments at the surface in comparison to their bulk values. The 
enhancement of the spin moment, which is caused by re- 
duced coordination of the surface atom due to symmetry 
lowering, is accompanied by an enhancement of the orbital 
magnetic moment. However, calculations1 which are based 
on the local spin density functional approximation (LSDA) 
do not provide a complete description for orbital magnetic 
moments even for the case of bulk transition metal 
ferromagnets.2 Now, within LSDA spin-orbit coupling 
(SOC) is the only effect considered responsible for orbital 
magnetization and other sources, namely noncentral field 
contributions to the electron-electron interaction3 and orbital 
current polarization,4 are neglected. 

We examine the influence of electron-electron interac- 
tions on ML. It was shown very recently,3 that Hubbard 
mean-field exchange energy contributes to the orbital polar- 
ization (OP) differently than the so-called orbital polarization 
correction of Brooks (OPB).5 The latter is based on the in- 
tuitive analogy with atomic theory6 and does not take into 
account the Coulomb contribution U to the OP. Moreover, 
whereas spin and orbital polarization effects are coupled3 via 
the common set of Slater integrals (which are used to repre- 
sent the electron-electron interaction7), they are treated in- 
dependently in OPB. 

We start from the rotationally invariant local density ap- 
proximation (LDA) + U total energy functional of the form7 

EM{p'r(r),n'r) = ElSDA(p'r(r)) + Eee{n'T)-Edc(n'r), (1) 

where, £LSDA is the LSDA total energy functional of spin 
density pT'^, £ee is the electron-electron interaction energy 
in the Hartree-Fock approximation (which depends on the 

site-occupation matrix n for the set of correlated electrons 
and can be obtained by projection of the electron eigen func- 
tions on a site-centered angular momentum basis set), and 
Edc is the "double-counting" term7 to compensate the 
electron-electron energy which is included in ELSDA. Fur- 
ther, only the ^-electron contributions to Eet and Edc are 
considered, and we approximate the site-occupation matrix 
by it's MT part only (this is a reasonable approximation for 
3rf-electron systems since almost all of the ^-electron spin 
density is located within the MT sphere). Applying the varia- 
tional principle then yields a set of single-particle Kohn- 
Sham equations, where, in addition to the usual Kohn-Sham 
spin-dependent potential there is a projection operator of the 
form ^m,m'V(T

mm,\Ylm){Ylm,\ acting on the d electrons. The 
V^m, depend on the site-occupation matrix n"nm,, angular 
matrix elements of the on-site electron-electron interaction, 
and a set of Slater integrals F2k(k = 0,l) (the explicit form of 
Vlm, is given by Eq. (5) of Ref. 7). 

We have combined the rotationally invariant LDA+ U 
and the relativistic version of the full-potential linearized 
augmented plane wave (FLAPW) method by making use of a 
second variation procedure:9 first, scalar-relativistic wave 
functions are determined within the conventional FLAPW 
method with the LSDA effective potential (first variation); 
then the LDA+ U Kohn-Sham equations are solved in the 
orthogonal basis of these wave functions (only the MT con- 
tributions in the LDA+ U Hamiltonian are considered); fi- 
nally new second variation eigen functions are used to solve 
the relativistic Kohn-Sham-Dirac equations (with spin-orbit 
coupling included)10 and the self-consistent ground state 
charge and spin densities and site-occupation matrices are 
obtained. 

0021 -8979/98/83(11 )/7022/3/$15.00 7022 © 1998 American Institute of Physics 
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TABLE I. Layer by layer resolved spin Ms and orbital ML magnetic moments and their ratio, fiLS= 
the top layer) for different values of U (eV) and J= 1 eV in comparison with the LSDA results. 

MLIMS, for the Co„ («=1,2,3) overlayers (labeled from 

Layer LSDA U=l C/= 1.5 U=2 

Co/Cu5 

Coj MS{ML) 1.827 (0.129) 1.828 (0.162) 1.853 (0.177) 1.874 (0.195) 
Co, ÄLS 0.071 0.089 0.096 0.104 

Co2/Cu5 

Co; MS(ML) 1.821 (0.115) 1.823 (0.138) 1.857 (0.150) 1.879 (0.157) 
Co2 MS(ML) 1.594 (0.089) 1.596 (0.105) 1.642(0.115) 1.687 (0.127) 
Co, RLS 0.063 0.076 0.081 0.084 
Co2 RLS 0.056 0.066 0.070 0.075 

Co3/Cus 

CO! MS(ML) 1.882(0.112) 1.882 (0.136) 1.895 (0.148) 1.920 (0.156) 
Co2 MS(ML) 1.680 (0.077) 1.681 (0.091) 1.697 (0.10) 1.733 (0.111) 
Co3 MS(ML) 1.618 (0.088) 1.629 (0.107) 1.652(0.118) 1.689 (0.128) 
Co, ÄLS 0.060 0.072 0.078 0.081 
Co2 ÄLS 0.046 0.054 0.059 0.064 
Co3 ÄLS 0.054 0.066 0.071 0.076 

peff_ 

As an illustrative example, we used a slab model con- 
sisting of five Cu substrate layers covered by n (n = 1,2,3) 
Co overlayers on each side. The ideal fee structure with a 
bulk Cu lattice constant (a = 6.83 a.u.) is assumed. The spe- 
cial k-points method is used for the two-dimensional Bril- 
louin zone (2DBZ) integrations and 55 k points in the irre- 
ducible part of the BZ are employed for the self-consistent 
calculations with the magnetization assumed to be perpen- 
dicular to the film and a Gaussian broadening is used for 
weighting the eigen states. Lattice harmonics with angular 
momentum I up to eight are used to expand the charge and 
spin densities and wave functions within the muffin-tin 
sphere. More than 70 plane waves per atom/spin are used as 
the first variational basis set to solve the scalar-relativistic 
Kohn-Sham equations; all occupied and empty states up to 1 
Ry above EF are used as a second variational basis set.11 

Self-consistency is achieved to within 5Xl0~5e/(a.u.)3 for 
charge and spin densities. 

The total Coulomb interaction matrix for d electrons is 
defined by F°, F2, and FA Slater integrals. In principle, they 
could be linked to the Coulomb (U) and exchange param- 
eters (/) obtained from the LSDA.12 The F2 and FA were 
obtained from the value of the intra-atomic exchange J 
= (F2 + F4)/U which is assumed to be equal to the LSDA 
Stoner exchange, and the ratio F4/F2 = 0.625 for 3d 
elements.13 For a metallic system there is an additional prob- 
lem related to dynamical screening of the U by itinerant d 
electrons. Therefore we choose /=/LSDA

=
 1 eV14 and varied 

F°(=U) from 1 to 2 eV. 
The calculated ML and Ms magnetic moments and their 

ratio, /?LS, for Co„ (n = 1,2,3) overlayers on Cu for different 
values of U (from 1 to 2 eV) and with J= 1 eV are presented 
in Table I.15 As seen from these data: (i) Ms, ML, and i?LS 

Layer 

depend on the location of the Co layer in the overlayer and 
on the overlayer thickness; (ii) for C/=7=leV, there is 
practically no increase of Ms (due to the fact that / 
= (U+4J)/5 is equal to 7LSDA for U=J)butML is bigger in 
LDA+ U than in LSDA calculations and yields an enhance- 
ment of J?LS by orbital polarization; (iii) there is an increase 

of both Ms and ML with an increase of U, resulting in an 
increase of i?LS. 

Very recent MCXD experiments16 show quite a pro- 
nounced enhancement of RLS in the ultrathin Co overlayers 
on fee Cu(001). In order to compare our results with experi- 
ment, we took into account the decay in intensity of the 
MCXD signal from Co layers lying under the surface layer.16 

Then, the effective ratio is taken as16 

A(D)e-fl{D-1)+ 2   B{D,n)e-^n-2) 

n = 3,D 

+ C(D) 2 
= 0,D- 

(2) 

with /u. = d/X, where d is the Co-Co interlayer distance, D is 
the Co-overlayer thickness, and A. = 32.14 a.u. is the effective 
electron escape depth. The parameters A{D), B(D,n), 
C(D) represent 7?LS for interface, intermediate, and surface 
layers, respectively. In contrast to Ref. 16, we keep an ex- 
plicit dependence of A, B, and C parameters on the over- 
layer thickness and layer position («). The calculated values 
of Rfl for LSDA and LDA+ U with U= 2 eV and J= 1 eV 
are given in Table II. Whereas the LSDA results deviate 
significantly from experiment, the LDA+ U values provide 
much improved quantitative agreement. The use of an over- 
layer thickness independent set of A, B, and C parameters in 

TABLE II. The effective fiLS ratio for the (n= 1,2,3) Con/Cu5 as a result of 
LDA+C/ calculations with (/=2eV and J=\ eV in comparison with the 
LSDA results, FP-LMTOab calculations and experiment.3 

LDA+U OPBa LSDA Exp.a 

Co/Cu5 

Co2/Cu5 

Co3/Cu5 

0.104 

0.080 
0.075 

0.141 0.071 
0.065b 

0.060 0.105 
0.055 0.100 

Reference 16 (an accuracy of experimental data is estimated as 
'Reference 17. 

: 0.005). 
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the ultrathin film limit, as in Ref. 16, is in disagreement with 
the results of the present calculations (cf., Table I). Thus, 
there is a significant overestimation of the ML enhancement 
in Ref. 16 for the ultrathin film limit which is a consequence 
of an oversimplified interpretation of the experimental data. 

The present LSDA results for Ms and ML for Co/ 
Cu(001) agree quite well with the results of first principle- 
linear muffin-tin orbital (FP-LMTO) calculations.17 How- 
ever, the LDA+ U yields an enhancement of both Ms and 
ML with increase of U while OPB17 acts on ML only. This is 
one of the reasons why RLS in LDA+ U is smaller than in 
OPB. Another possible reason is that values of ML in OPB 
strongly depend on the values of the Racah parameters.5 The 
spin-polarized radial wave functions are used in Refs. 16 and 
17 to calculate the Slater integrals F2 and F4 and Racah 
parameters, B = 9F2-5F4/441. The values of F2 and F4 

should be consistent with the values of the Stoner exchange 
I (this is not shown in Refs. 16 and 17) and their overesti- 
mation may lead to an artificial enhancement of ML. 

Finally, as seen from Table I, the spin (Ms) and espe- 
cially the orbital (ML) polarizations depend significantly on 
U. The use of LDA+ U1 instead of LSDA for calculations of 
MLIMS improves significantly the quantitative agreement 
with experimental data (cf. Table II) for the Co overlayers on 
Cu(001). 
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We report magnetic extended x-ray absorption fine structure (EXAFS) measurements on 30 
monolayer Fe and Co films on Cu(001) substrates at L32 edges. For 3d transition metals, the 
magnetic EXAFS at the L edges is of great interest since it probes final d states which mainly 
contribute to magnetism. Magnetic EXAFS oscillations were detected up to 500 eV above the edge 
corresponding to 11.5 Ä-1 in k space. Over such a large range, the long wavelength wiggles from 
the Fe and Co nearest neighbor backscattering and previously observed fast oscillations are clearly 
seen. It is shown that without using any deconvolution procedure a meaningful analysis can be 
performed despite an interference of L3 and L2 edges. In the case of Fe, experimental data are 
compared with multiple-scattering calculations. © 1998 American Institute of Physics. 
[S0021-8979(98)50211-3] 

I. INTRODUCTION 

The extended x-ray absorption fine structure (EXAFS) 
technique has contributed a great deal to determine the local 
atomic structure and the dynamics of adsorbates on metal 
surfaces.1 The availability of circularly polarized synchrotron 
radiation has enabled one to add magnetic selectivity to EX- 
AFS. The difference in spin-polarized EXAFS, i.e., magnetic 
EXAFS (MEXAFS), can be determined by measuring the 
spin-dependent absorption in the EXAFS energy range. 
MEXAFS has opened up a new possibility for investigating 
static and dynamic magnetic phenomena from a site selective 
point of view.2-14 Earlier MEXAFS experiments on the 3d 
transition metal K edge5'8"13 and on 4/ rare-earth L 
edges3'5'10-13 have shown that with this technique it is pos- 
sible to study magnetic short range ordering and get useful 
information regarding magnetic spin moments of neighbor- 
ing atoms. In the case of pure 3d metals (Fe, Co, Ni), it was 
found that Ä"-edge MEXAFS oscillations are primarily due to 
scattering from magnetic nearest neighbors.5'9'10'12'13 There- 
fore, one can distinguish between magnetic and nonmagnetic 
neighbors by comparing EXAFS and MEXAFS Fourier 
transforms. Studies at K edges, probing final p states, which 
are very common in EXAFS, have some disadvantages in 
MEXAFS. For example, in the case of 3d transition metals, 
MEXAFS studies at K edges provide no information about 
the d states which mainly contribute to magnetism and also 
result in a lower MEXAFS signal. However, L-edge EXAFS 
and MEXAFS analyses probing d states in the case of 3d 
transition metals may be difficult due to smaller spin-orbit 
splitting [13 eV (Fe), 15 eV (Co), 17 eV (Ni)] between the 

"'Corresponding author. Permanent address: Department of Physics, Univer- 
sity of Rajasthan, Jaipur 302 004, India; electronic mail: 
babgroup@physik.fu-berlin.de 

L3 and L2 edges. This leads to an additive overlap of the (M) 
EXAFS spectra of the two edges, which, in the case of 
MEXAFS may also partly cancel the signal as the dichroic 
effects have the same profiles but opposite signs. 

We report EXAFS and MEXAFS measurements on 30 
monolayer (ML) Fe and Co films on Cu(001) substrates up 
to 500 eV above the L32 edges. In the case of Fe, the experi- 
mental data are compared with multiple-scattering (MS) cal- 
culations. 

II. EXPERIMENTAL AND DATA ANALYSIS DETAILS 

Thin Fe and Co films of 30 ML thickness were grown at 
room temperature on Cu(001) substrates in ultrahigh vacuum 
(UHV) conditions and characterized by means of in situ low 
energy electron diffraction (LEED). The L-edge spectra were 
recorded in quasitotal electron yield mode at grazing (20°) 
x-ray incidence at 75 K using circularly polarized light on 
SX 700 monochromator beamlines at the BESSY synchro- 
tron facility in Berlin.15 

In the analysis of EXAFS, it is a well established tech- 
nique to put a spline simulating the atomic background fi0 in 
rough fi(E) data. Using the circularly polarized light the 
total absorption coefficient fi(E) in normal EXAFS can be 
defined as fi(E) = [/j,+(E) + /H"(E)]/2. Theoretically, the 
measured linear absorption coefficient JJ.(E) can be related 
to the fine structure x(E) by (JL(E) = /j,0(E)[l+ x(E)]. For 
the magnetic case one gets fi* (E) = fi0(E)[l + x(E) 
±XM(E)/2]. However, to extract magnetic information it 
can be derived as /uM(E) = /n+(E)- fi~(E) and XM 

= /AM//JLQ = (/JL
+

 -fjL~)//u,0. Throughout the text the modu- 
lations in EXAFS and MEXAFS signals are shown as x and 
XM> respectively. Taking the difference between the right 
and the left polarization for MEXAFS, one may think at first 
glance that the background (transmission function, etc.) is 
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automatically subtracted. However, it was found in the 
present experiments that this did not work satisfactorily be- 
cause of small changes in the background. The best way 
found was to take the ratio deriving XM from ß+/ß- A 
Taylor expansion of ii+/fjL~ around XM~® in first order 
results in p+1 H~\XM=O***^ + XM(M- 

+
 X)- An approxima- 

tion (1/1 +x)"* I produces an error of less than 5% in the 
magnitude of XM provided fi+ + /LL~>/J,

+
 - yuT. Therefore, 

The oscillations in the extended energy regions of both 
EXAFS and MEXAFS of the L3>2 edge is a combination of 
both edges offset by the energy separation of L3 and L2 

edges. In k space, modulations in the EXAFS/MEXAFS sig- 
nals can be expressed as XW~XLX^) 

+
 
(X

XL (k + Ak). 

With XL2= <*XLr <*= 1/2 for EXAFS and a= -1 for MEX- 
AFS. That is to say, for ferromagnets, both x(k) and Xni(k) 
oscillations contain the same basic information [nearest 
neighbor distances, A{k), etc.]. The value of Ak steadily 
decreases as a function of k. For very large and very small 
spin-orbit splittings, a cannot be treated simply as a constant. 
Therefore, care has to taken when analyzing other systems. 
Before starting to analyze the experimental data we checked 
if the superposition of the two edges hinders the analysis. 
This was done using ab initio curved wave calculations with 
the FEFF7S code.16 It has been shown recently17 that the su- 
perposed signal of the two edges (L3 + 2) has a small phase 
shift compared to the L3 edge. This superposition of the two 
edges only results in the change of intensity of various fea- 
tures in the Fourier transforms; their positions remain almost 
the same. Therefore, an analysis can be carried out on the 
experimental spectra containing the superposed signal of L3 

and L2 edges. Similar results were found for EXAFS data.17 

However, it was found that the effect of the superposition of 
L3 and L2 edges is more dramatic in the magnetic case. For 
a specific analysis of the phase relation between x(k) and 
XMW it is more convenient to deconvolute L3 and L2 con- 
tributions. This is addressed separately.18 

III. RESULTS AND DISCUSSION 

Figures 1 and 2 show k-x(k) and k-X\t(k) oscillations 
for Fe and Co films and their corresponding Fourier trans- 
forms. Magnetic signals are normalized to Pc=l and 0° 
grazing incidence. Here, we would like to point out that in- 
tensities of MEXAFS signals for Fe and Co cannot be com- 
pared directly as both films have different structures. Never- 
theless the ratio MEXAFS/EXAFS for the n.n. peak is 
higher for Fe (1:34) as compared to Co (1:40). In the case of 
Fe, for MEXAFS it can be seen from Fig. 1(a) that, apart 
from the higher frequency components, the XM profiles 
clearly show slow oscillations at intermediate and high k 
values. For Co the XMW profile is different. Here, the os- 
cillations at lower k values contain information mostly from 
the nearest neighbor shell. This is clear if one compares the 
X(k) and Xiu(k) lower k values which contain information 
mostly from the nearest neighbor shell. This is also clear if 
one compares x(k) and XMW 

and tneir corresponding Fou- 
rier transforms (Fig. 2). At large k values higher frequency 
contributions can be seen. Differences in the XMW of Fe 

0.02 

0.00 iL. 

^ 
- -0.01 

-0.02 
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k(1/A) 

0.012 

FIG. 1. (a) The normalized EXAFS [k-xW] (dashed line) and MEXAFS 
[k-XtiiW] (solid line) signals and (b) their corresponding Fourier trans- 
forms of 30 ML Fe film on Cu(001) measured at grazing x-ray incidence at 
75 K. 

and Co can originate from the different structures of the 
films and spin-orbit splitting [A£l23= 13 eV(Fe), 15 
eV(Co)]. Further analysis is in progress to draw some quan- 
titative results. 

The Fourier transforms of Fe and Co [Figs. 1(b) and 
2(b)] also show distinct differences in R space. The positions 
of the main peaks of both elements for MEXAFS and EX- 
AFS are not at the same distances. This is not surprising as 
the peak positions in the Fourier transform do not appear at 
the real distances but are shifted because of (M) EXAFS 
phase shifts which are not expected to be identical. For both 
elements, the MEXAFS Fourier transforms show an en- 
hancement in the features above the main peak especially in 
the region between 3.5 and 5 Ä. It is interesting since all 
neighbors probed in the magnetic and normal scattering pro- 
cesses are ferromagnetic. As this enhancement was more 
pronounced in the case of Fe, a theoretical simulation with a 
bcc unit cell using FEFF7S was performed. It is shown with 
the Fourier transform of the experimental spectrum in Fig. 3. 
The structure analysis of the film from the EXAFS data is 
discussed in detail elsewhere.17 The dashed line in the spec- 
trum shows the simulation taking into account both single 
and multiple-scattering paths. It is in qualitative agreement 
with the experimental Fourier transform. Also, a simulation 
(dotted line) considering only the single-scattering (SS) 
paths is shown. The peak at 2.49 Ä was scaled to the experi- 
ment. The main peak is a superposition of two peaks, A and 
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FIG. 2. (a) The normalized EXAFS [k-x(k)] (dashed line) and MEXAFS 
[k-XiuW] (solid line) signals and (b) their corresponding Fourier trans- 
forms of 30 ML Co film on Cu(001) measured at grazing x-ray incidence at 
75 K. 

B. The nearest neighbor peak A at 2.49 Ä is ascribed to the 
SS path between atoms 1 and 2 (see the inset). Peaks B and 
C at 2.87 and 4.06 A are due to SS paths between atoms 
1 <->3 and 1 <->4, respectively. Feature D at 4.76 Ä is ascribed 
to SS paths l<-+5. As discussed previously,17 various fea- 
tures between 3.5 and 5 Ä in the Fourier transform of Fe 
showing enhancement in intensity are due to "fast" oscilla- 
tions as is shown in Fig. 1(a). Therefore, the present theoret- 
ical analysis suggests that these high frequency contributions 
do contain appreciable amounts of SS and MS path lengths 
implying that the magnetic character of both single and 
multiple-scattering path lengths increases. However, one 
cannot neglect the contribution of the overlapping of the L3 

and L2 edges in the enhancement of these features. In the 
case of Co, a detailed structural analysis is in progress. 

A combination of a MEXAFS ab initio calculations with 
experiments leads to qualitative determination of major con- 
tributions to nearest shells from single- and multiple- scatter- 
ing path lengths. Furthermore, our results show that the ratio 
of normal/magnetic EXAFS is at least one order of magni- 
tude larger than previous results at K edges, i.e., approxi- 
mately 34/1 and 40/1 for Fe and Co, respectively. Within the 
error of the experiment and theoretical models it also agrees 
with the different magnetic moments for the two elements. 

-5T     0.010 - 

FIG. 3. Simulated Fourier transforms taking into account both multiple- and 
single-scattering (dashed line) paths and only single-scattering paths (dotted 
line) for a bcc cluster (shown in the inset) along with the experimental (solid 
line) MEXAFS data of 30 ML Fe film on Cu(001) recorded at grazing x-ray 
incidence at 75 K. 

The L-edge MEXAFS as pioneered in Refs. 6 and 7 may 
therefore be the method of choice to study magnetic structure 
and dynamics from a local point of view. 
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We present here systematic temperature dependent magnetic extended x-ray absorption 
spectroscopy (MEXAFS) measurements. This fine structure can be explained by the spin dependent 
scattering of the photoelectron and yields information about the local magnetic surroundings of the 
absorbing atom. We find a strong temperature dependence at temperatures far below the Curie 
temperature. This shows that the intensity of the MEXAFS signal is not only determined by the 
value of the magnetic moment but also by the relative vibrations of the backscattering atom to the 
absorbing atom.   © 1998 American Institute of Physics. [S0021 -8979(98)50311-8] 

Temperature dependent extended x-ray absorption fine 
structure spectroscopy (EXAFS) is a well established tech- 
nique to obtain local structure and bond dynamics.1 Recently 
it was shown in experimental works2-5 and in theoretical 
works6-9 that magnetic EXAFS (MEXAFS) experiments 
performed with circularly polarized light give insight into the 
spin dependent scattering of the photoelectron for ferromag- 
netic and anti-ferromagnetic samples. This scattering infor- 
mation yields the distances to the magnetic neighbors and 
results in a picture of the local magnetic structure which can 
be directly related to the local atomic structure. By probing 
the temperature dependence of the local magnetic disorder 
using magnetic EXAFS we can get a more complete picture 
of the magnetic behavior. This work presents a systematic 
investigation of the temperature dependence of the MEX- 
AFS. We chose a polycrystalline Fe thin film of 500 Ä as a 
model system as it is known that the Debye model describes 
the temperature dependence of the spin averaged EXAFS 
reasonably well10 although measuring at temperatures far be- 
low the Curie temperature of Fe we find an even stronger 
temperature dependence for the MEXAFS compared to the 
EXAFS. This shows that the temperature dependence of the 
MEXAFS is not only determined by the temperature depen- 
dence of the magnetic moment which should be constant in 
the temperature region investigated (70-400 K) but also by 
the thermal vibrations of the absorbing atom to the back- 
scattering atom. 

The helicity dependent transmission measurements in 
the soft x-ray regime at the L32 edges had been done at the 
Naval Research Laboratory (NRL) facility located at the 
U4B beamline of the National Synchrotron Light Source 
(NSLS). The experimental details are reported 
elsewhere.11'12 Because of the small separation of the two 
edges (AE=13.1eV) due to spin-orbit splitting, the re- 
corded data represent the sum of the two edges. We show 
that this is not a further complication as we can model the 
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overlapped contributions quite well using the ab initio FEFF7 
code.13 We measured the helicity dependent absorption co- 
efficients fi+(E) and /J.~(E) for right and left circularly po- 
larized light, respectively. The spin averaged absorption de- 
fined as fi(E) = [fi + (E) + fi~(E)]/2 exhibits the regular 
EXAFS. The EXAFS is defined by x= (P~ Ato)//io where P 
is the x-ray absorption coefficient and /n0 is the atomic x-ray 
absorption coefficient. Generally speaking, one has to take 
p-*d and p —>s transitions for the L32 edges into account. 
But the p—>s transitions are weak and can be neglected for 
our system.1 Therefore the same analysis as is known for K 
edge EXAFS can be performed at the L3>2 edges here. The 
magnetic signal is described by the helicity dependent ab- 
sorption coefficients which exhibit a difference fim(E) 
= fji + (E) - pT(E) which is known as magnetic circular x- 
ray dichroism (MCXD) for the near edge region. This differ- 
ence shows a small oscillatory fine structure A,m = (y"-+ 

-/U~)//UL0 in the extended energy region—the MEXAFS. 
The EXAFS was analyzed in the conventional way by 

extracting the oscillations with a spline and normalizing the 
data to the edge jump. In addition to the removal of the 
atomic background fi0(E) of the combined L32 edges the 
spline function had to remove the Ll edge. The Lj edge 
jump was found to be 10% of the combined L3 2 edge jump 
and has no pronounced features. The experimental data for 
the combined edges for the lowest temperature of 70 K are 
shown in Fig. 1. In order to understand the effect of the 
overlap of the two edges we compared the experimental EX- 
AFS data to a FEFF7 simulation of the combined edges. For 
this simulation we calculated p,L^(E) and ixLi(E) and added 

the contributions taking edge jump ratios of JL :JLi = 2:\ 

into account. The best agreement between theory and experi- 
ment was achieved with a bulk bcc structure for Fe with a 
Debye temperature of 6D = 520 K. The good agreement 
shown in Fig. 1 indicates that the data can be described by 
simply adding the L2 contribution to the L3 contribution. 
With the help of the ab initio simulation every peak in the 
Fourier transform of the data [shown in Fig. 1(b)] can be 
related to specific scattering paths. The main contribution of 

0021 -8979/98/83(11 )/7028/3/$15.00 7028 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Wende et al. 7029 

0.4i  

FIG. 1. Comparison of the FEFF7 simulation (dotted line) to experimental 
EXAFS data (solid line) at 70 K for the combined L3 and L2 edges, (a) The 
k weighted EXAFS oscillations k-Xh +L (k) are well reproduced by the 
simulation in phase as well as in amplitude, (b) The Fourier transform (FT) 
[k-XL,+LÄk)l 

the Fourier transform contains two single scattering paths 
(nearest and next nearest neighbor). The contributions in 
Fourier transform for higher distances (R>3.6 A) are also 
described well by the simulation. A more detailed analysis of 
the scattering paths of the higher shells shows that one finds 
a complicated interference of single and multiple scattering 
paths in this range. Therefore the temperature dependence of 
the main peak only will be investigated here. 

We will later analyze the data of the L3 edge only since 
the L3 edge interferes destructively with the L2 edge for the 
MEXAFS case. Therefore we separated the contributions of 
the L3 and L2 edges by using an iterative Van Cittert decon- 
volution method in energy space.14 To test the performance 
of this method we deconvoluted the EXAFS simulation of 
the combined edges and compared the result to the initial 
simulation of the L3 edge. Having found perfect agreement 
we can establish this method as a standard tool for these 
kinds of investigations. As we have to analyze the tempera- 
ture dependence of the MEXAFS for the L3 edge only we 
will discuss the temperature dependence of the EXAFS for 
the L3 edge as well. However, we find the same structural 
and dynamic results for the EXAFS for the dataset of the 
combined edges as for the deconvoluted dataset of one edge. 
The deconvoluted experimental EXAFS data of the L3 edge 
are shown in Figs. 2(a) and 2(b). It turns out that the peak 
positions in the Fourier transform FT[k-XL W\ [Fig- 2(b)] 
of the L3 edge are the same as those of the combined edges 
FT[k-XL3+L2(k)l 

As the main peak in the Fourier transform contains the 
nearest and the next nearest neighbor distance contributions, 
we had to perform a least square fit using FEFFIT15 for the 
analysis of the temperature dependence of the main peak. 
This code modifies the Debye temperature of the two scat- 
tering paths calculated with FEFF7 to get the best fit to the 
experimental data. As the Fourier transform of the experi- 
mental data exhibits a small temperature dependence on the 
main peak position, indicating the presence of small anhar- 
monicity of the absorber-backscatterer pair potential, a tem- 

FIG. 2. The temperature dependent deconvolved L3 EXAFS data (a), (b) in 
comparison to the deconvolved L3 MEXAFS (c), (d) data. Although the data 
have been taken at a longer k range, the data are shown in a smaller k range 
because the MEXAFS noise level became too high for an appropriate fit 
above £>9.0 Ä"1. Note that the EXAFS Fourier transform (a) is different 
from that in Fig. 1(b) due to interference effects of the Z,3 edge by the L2 

edge. A similar difference is observed in the MEXAFS data (d) compared to 
the EXAFS data (b) since the magnetic and the spin averaged damping must 
not be the same. The temperature dependent damping can clearly be seen in 
the Fourier transform (b), (d). Note the stronger damping for the MEXAFS 
data. 

perature dependent third cumulant c3(T) calculated from the 
linear expansion coefficient for Fe was included in the fit.1 

The clear temperature dependence of the experimental EX- 
AFS data was fitted with the correlated Debye model16 yield- 
ing a Debye temperature of 6D = (520+40) K (see Fig. 3) in 
good agreement with calorimetric measurements for the bulk 
system [6D (calorimetric)=470 K].17 The damping of the 
EXAFS oscillations is described by the mean square relative 
displacement   ofot(7)=c4n(r) + o-2at   where   <rlJT)   de- 
scribes the dynamic disorder due to thermal vibrations and 
a2

tat is a measure of the static disorder. As the amplitude of 
the fit agrees quite well with the experiment, no additional 
static disorder (oftat) had to be introduced for the spin aver- 
aged EXAFS. This shows that the poly crystalline films are 
well ordered (0-2

tats=2X 10~3 A2) from a local point of view 
and must therefore consist of large crystallites. The MEX- 
AFS analysis is not as straightforward as that for the EX- 
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FIG. 3. The temperature dependence of the dynamic part of the MSRD 
o-jyn(T) for the nearest neighbor distance (/?,) for the EXAFS data (closed 
circles) and for the MEXAFS data (open circles). The solid line and the 
dotted line depict the temperature dependence of the MSRD calculated by 
the Debye model. 
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AFS. The reason is the different way in which the L3 edge 
interferes with the L2 edge in the helicity dependent investi- 
gation. The EXAFS/MEXAFS signal of the combined edges 
can be explained as 

Xh+L2(E)=l[xh(E) + a-xh(E + AE)l (1) 

with XL2(E) = a-xh(E + ^E) and a=\ for EXAFS (quan- 

tum degeneracy for L3 and L2 edge jumps 2:1) and a 
= -1 for MEXAFS (phase relation for MCXD - 1:1). The 
prefactor 2/3 takes into account the fact that the edge jump of 
the combined L3 2 edges is 1.5 times larger than the fiL edge 
jump. The negative sign of a for the MEXAFS case leads to 
destructive interference in the MEXAFS of the combined 
edges. Due to this interference a deconvolution of the MEX- 
AFS data is necessary. An additional cross check of the de- 
convolution method is the comparison of the phase shift of 
the Fourier backtransformed main peak of the Fourier trans- 
form for MEXAFS compared to that for EXAFS. We find a 
phase shift of exactly 7772 for MEXAFS compared to that for 
EXAFS as predicted.7 

The deconvoluted MEXAFS data are shown in Figs. 2(c) 
and 2(d). A qualitative comparison of the MEXAFS data to 
EXAFS data shows that the peak positions of the Fourier 
transforms [Figs. 2(b) and 2(d)] of the main peak are the 
same for both cases. Also, the temperature dependent damp- 
ing is comparable. The quantitative FEFFIT yields the same 
structural results of the Fe bulk bcc structure as we found in 
the EXAFS analysis. The Debye model analysis of the 
MEXAFS temperature dependence results in a value for the 
"magnetic" Debye temperature of 0Djm = (400+40) K, 
showing that the temperature dependence of the MEXAFS 
data is even stronger than that of the EXAFS. This means 
that the mean square relative displacement a2(T) reveals a 
stronger increase with temperature for the MEXAFS com- 
pared to the EXAFS as shown in Fig. 3. This result is sur- 
prising at first since the Curie temperature of bulk Fe is Tc 

= 1050 K and therefore a temperature range of 70-400 K 
results in a reduced temperature range [t=(Tc-T)/Tc] of 
0.9-0.6. In this temperature range one does not expect a 
strong temperature dependence of the magnetic signal. Nev- 
ertheless one can understand our findings by the scattering of 
the photoelectron. The MEXAFS signal is determined by the 
difference in scattering potential for the spin up electron and 

the spin down electron. Although the magnetic behavior of 
the Fe sample is determined by the 3d bands, the difference 
in scattering potential has the same form as the spin averaged 
potential.7 Therefore any deviation from equilibrium due to 
thermal vibrations still affects the MEXAFS signal. This ex- 
plains why the dynamic part of mean square relative dis- 
placement a\yn{T) shows about the same increase with 
higher temperatures that we find for MEXAFS as compared 
to EXAFS. As magnetic fluctuations are also present in the 
reduced temperature range of 0.9-0.6, we can understand the 
even stronger temperature dependence for the spin- 
dependent MEXAFS compared to the spin averaged EXAFS. 

To summarize, we have found that the temperature de- 
pendence of the MEXAFS is not only determined by the 
temperature dependence of the magnetic moment (which is 
probed in the near edge MCXD technique) but also by 
atomic thermal vibrations. Since we find an even stronger 
temperature dependence in the MEXAFS compared to the 
EXAFS, we find additional local magnetic disorder which 
maybe can be explained by magnetic fluctuations. 
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Magnetoresistance in single Fe(001) ultrathin films 
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Electrotechnical Laboratory, Umezono, Tsukuba 305-8568, Japan 

T. Yori 
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Magnetoresistance in Au(001)-sandwiched Fe(OOl) ultrathin films was investigated at T=1.6K. 
Effects of both the Fe layer and the Au cap layer were investigated using wedge-shaped Fe and Au 
cap layers. The total thicknesses of the films were kept much thinner than the mean free path of the 
conduction electrons in order to enhance the magnetoresistance by electron channeling between the 
surface and the substrate. The Fe wedge-shaped films in the range dFe=0-4Ä showed a 
granular-type giant magnetoresistance (GMR) because of a discontinuity in the Fe layer. The films 
with dFe=4-25 A also showed that the GMR component through the Fe layer is continuous. In the 
Au cap wedge-shaped films, the GMR component nearly vanished at dAn cap=0. The MR ratio 
increased linearly with dAu cap in the range dAu Cap=0-50Ä and saturated at dAu cap~130Ä. 
Moreover, the CuO overlayer on the Au cap wedge-shaped film resulted in a 25% decrease in the 
MR ratio in the whole dAa cap range. These phenomena can be interpreted as differences in spin flip 
probability for electron reflections on the surface and at the interfaces. © 1998 American Institute 
of Physics. [S0021-8979(98)50411-2] 

The giant magnetoresistance (GMR) effect in magnetic 
multilayers is mainly caused by spin-dependent scattering of 
conduction electrons through ferromagnetic layers with par- 
allel or antiparallel magnetization configurations. In metallic 
multilayers with two ferromagnetic layers so-called spin- 
valve films, reflections of conduction electrons at the free 
surface and at the interface between the buffer layer and the 
substrate, are considered to have a larger influence on GMR 
compared to multilayers with many ferromagnetic layers. It 
has recently been reported that the MR ratio in spin-valve 
films changes with various kinds of cap layers,1 showing the 
importance of electron scattering at the surface and at the 
interface. This effect has been attributed to the change in 
specularity of the reflection, but details of it are still unclear. 

In order to investigate the effect of surface reflection on 
magnetoresistance, multilayered films with small numbers of 
ferromagnetic layers are suitable. For this reason, we focused 
on a single ferromagnetic ultrathin layer with a buffer layer 
and a cap layer of nonmagnetic metal. The magnetoresis- 
tance in the single ultrathin ferromagnetic layer had been 
studied in Au/Co/Au system earlier by Kolb et al.2 They 
deposited a Co(0001) wedge-shaped ultrathin layer (dCo 

= 0-8 Ä) sandwiched between a buffer layer (230 Ä) and a 
cap layer (230 Ä) of Au(lll) onto a glass substrate, and 
observed GMR up to 5% at low temperature. The MR ratio 
reaches a maximum value at dCo~ 3 Ä which corresponds to 
a crossover from a discontinuous (i.e., granular) to a continu- 
ous Co layer. Above dCo=6Ä, where the Co layer is 
continuous,3 the GMR component still appears because of 
the small magnetic domain sizes.2'3 Even taking into account 
the granular character and the fine domain structure of the Co 
layer, the MR ratio is quite large for a single ultrathin ferro- 
magnetic layer with much thicker nonmagnetic buffer and 

cap layers. The MR is considered to be enhanced by electron 
channeling and a high specular reflection at the free surface 
and/or at the interface between the buffer layer and the sub- 
strate. If the total thickness of the film is much smaller than 
the mean free path of the conduction electrons, the current is 
mainly dominated by electron channeling. This increases the 
chances of spin-dependent scattering which occurs when 
electrons go across the ferromagnetic ultrathin layer. An in- 
crease of specular reflection enhances the MR ratio by low- 
ering the resistivity of the film. Besides the specularity of the 
reflection, spin flip scattering at the surface and at the inter- 
face may also influence the magnetoresistance. However, 
this effect is unclear at the present stage. 

In order to investigate the effect of electron reflections at 
the surface and at the interface between the buffer layer and 
the substrate, we measured the magnetoresistance in a 
Au(001)/Fe(001)/Au(001) system in which we had been 
studying quantum well oscillations of the magneto-optical 
Kerr effect.4'5 We selected this system because layer-by- 
layer growth and lattice matching are better than those in the 
Au(lll)/Co(0001)/Au(lll) system. 

Au(001) cap 
40A 

Au(001) cap 
10~dA^ 

Fe(001) 
0-dA Fe(001) 

11.5A 

20mm 
(a) Fe wedge 

MgO(001) sub. 

< > 
20mm 

(b) Au-cap wedge 

"'Electronic mail: yuasa@etl.go.jp 
FIG. 1. Schematic cross sections of (a) a Fe wedge-shaped film and (b) a Au 
cap wedge-shaped film. 
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FIG. 2. Typical MR curves in the Fe wedge-shaped samples at 1.6 K for various Fe thicknesses (a) rfFc=0, (b) dfc= 1, (c) dFc= 11.5. 

The samples were prepared by the molecular beam epi- 
taxy (MBE) deposition technique under pressure in the 
10~10 Torr range. Polished MgO(OOl) single crystals were 
used as the substrates. The deposition process was observed 
and controlled by quartz thickness monitors and by reflection 
high energy diffraction (RHEED). For electric transport 
measurements, samples with relatively thin buffer layers 
were prepared as shown in Fig. 1. After thermal flashing the 
substrate at 850 °C for 10 min, a Ag buffer layer of 200 A 
and a Au buffer layer of 40 Ä were both deposited at room 
temperature. To prevent mixing of the Au and Fe, an ultra- 
thin Fe layer and a Au cap layer were deposited at room 
temperature. After deposition of the Au(001) buffer and cap 
layers, a 1 X 5 RHEED, reconstruction pattern was clearly 
observed. Wedge-shaped layers were prepared by continu- 
ously moving a shutter over the sample during the deposi- 
tion. 

The samples were either Fe wedge shaped [Fig. 1(a)] or 
Au cap wedge shaped [Fig. 1(b)]. Two Fe wedge-shaped 
samples were prepared, one with Fe thickness dFe varying 
from 0 to 18 Ä and the other with dFe from 0 to 200 Ä. For 
the Au cap wedge, two samples were prepared with dAu 

ranging from 10 to 50 Ä, and from 10 to 250 Ä. The mini- 
mum thickness of the Au cap layer was set at 10 Ä, because 
below this thickness the Fe layer is oxidized in air. 

Quantum well oscillations of the polar Kerr effect were 
measured as a function of Fe and Au cap layer thickness at 
room temperature in order to check the quality of the 
samples by comparing them with those with thicker buffer 
layers that were studied previously by Kerr effect 
measurements.4'5 The surface morphology and the magnetic 
domain structure were observed by atomic force microscopy 
(AFM) and by magnetic force microscopy (MFM), respec- 
tively. The electric resistivity was measured by a dc four- 
probe method at 1.6 K in a magnetic field up to 9 T. 

The AFM observation showed that the Au(001) surface 
in all the samples has a gentle wavy structure with an aver- 
age period of 1000 Ä and an average amplitude of 10 Ä. No 
change of the surface morphology was observed by varying 
the thicknesses of the Fe and Au cap layers. Clear quantum 
well oscillations of polar Kerr ellipticity were observed in 
the Fe wedges with dFe>4 Ä, indicating good quality of the 
Fe layer. Ferromagnetic hysteresis curves were also observed 
for dFe>4Ä by a longitudinal Kerr measurement. On the 

other hand, no Kerr ellipticity signal was detected for d¥t 

<4 Ä. This indicates that the Fe layer with dFe<4 Ä is dis- 
continuous and superparamagnetic at room temperature. The 
Au cap wedge-shaped films also showed quantum well os- 
cillation of the polar Kerr effect, indicating that there is no 
oxidization of the Fe layer when dAu cap3= 10 Ä. 

Figures 2 and 3 show typical MR curves for various Fe 
thicknesses in the Fe wedge-shaped films and a MR ratio, 
Ap(H)/p(H=0), as a function of Fe thickness, respectively. 
The magnetoresistance of the Fe wedge can be classified into 
four parts depending on the Fe thickness as follows. 

(1) 

(2) 

(3) 

dFe=0 [Fig. 2(a)]: The film with no Fe layer simply 
shows the magnetoresistance of Ag and Au, which arises 
from the Lorentz force acting on conduction electrons.6 

JFe= 0.3-4 Ä [Fig. 2(b)]: The film shows typical 
granular-type GMR because of the discontinuity of the 
Fe layer. The MR ratio reaches a maximum in this range 
as seen in Fig. 3(a). 
JFe=4-30Ä [Fig. 2(c)]: The film shows a finite GMR 
component although the Fe layer is continuous in this 
range. The difference in the MR ratio in the two field 
directions (H\\j and Hlj) is due to anisotropic MR 
(AMR) in the Fe layer. The GMR in this range is con- 
sidered to originate from a fine domain structure al- 
though the magnetic domains were not observed by 
MFM maybe because of too small a stray field. In this 

FIG. 3. MR ratio [p(0)-p(f/)]/p(0) in the Fe wedge-shaped samples at 
1.6 K as a function of Fe thickness, dfe. 
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FIG. 4. MR, ratio [p(0)-p(//)]/p(0) in the Au cap wedge-shaped samples 
at 1.6 K as a function of Au cap thickness, dAu cap. 

range, the MR ratio gradually decreases with dFe (see 
Fig. 3), which can be attributed to an increase of mag- 
netic domain size, as is also observed in Co(0001) ultra- 
thin films.3 

(4) dFe>30A: The film shows only AMR, with no GMR 
component. In this range, magnetic domains with aver- 
age sizes larger than 10 /jxn were observed by MFM. 
The disappearance of the GMR is consistent with the 
macroscopic domain size in which there is very little 
chance for conduction electrons to go from one domain 
to neighboring domains. 

Figure 4 shows the MR ratio [p(0)-p(ff)]/p(0) in the 
Au cap wedge-shaped samples as a function of Au cap thick- 
ness, dAu cap. When extrapolating dAu cap to 0, the GMR 
component almost vanishes. The MR ratio increases approxi- 
mately in proportion to dAu cap when dAu cap<50 Ä, and 
saturates at dAu cap~ 130 Ä above which it slightly decreases 
with JA„ r„„. This behavior can be understood as follows. Au cap • 

The mean free path of conduction electrons in the Ag and Au 
layers was roughly estimated to be about 3-5 /im at 1.6 K 
using the same method as in Ref. 7. Since the total thickness 
of the film (260-500 Ä) is much smaller than the mean free 
path, the current flows mainly by electron channeling (Fig. 
5). In the film with no Au cap layer [Fig. 5(a)], conduction 
electrons with a spin antiparallel to the magnetization of a 
domain in the Fe layer are reflected on an interface between 
the Fe and the buffer layers because of spin-dependent scat- 
tering, while the electrons with a spin parallel to the magne- 
tization go into the Fe layer and are reflected on the surface. 

&' 
m 

iiwH :'.   '' V 

Au cap layer 

I Fe ultrathin layer 

i Buffer layer 

Substrate 

(a) 
Substrate 

(b) 

FIG. 5. Schematic illustrations for the paths of conduction elections in the 
films (a) without a Au cap layer and (b) with a Au cap layer. 

Because the Fe layer is ultrathin, the spin-dependent scatter- 
ing on the interface barely changes the mean free path of 
electrons. Therefore, GMR does not appear when there is no 
cap layer. On the other hand, in the film with Au cap layer, 
spin-dependent scattering in the Fe layer changes the mean 
free path of conduction electrons [Fig. 5(b)]. Thus, GMR 
appears with an increase of the cap layer thickness. The satu- 
ration of MR ratio at dAu cap~ 130 Ä can be interpreted as a 
shunting effect in the cap layer. 

Moreover, we have studied the effect of an oxide over- 
layer on the Au cap wedge-shaped sample. A 30-A-thick Cu 
layer was deposited on the Au cap wedge and oxidized in air 
for one day. The CuO capping increased the film resistivity 
by 6%. This can be understood by a lower specular reflec- 
tivity at the interface between Au and CuO than that at the 
free surface of Au. On the other hand, MR ratio decreased by 
25% as a result of CuO capping (Fig. 4). The large decrease 
of MR ratio cannot be explained only by the change of a 
specular reflectivity. This indicates that probability of spin 
flip scattering during surface reflection is increased by the 
CuO capping. 
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Magnetic properties of very thin single and multilayer NiFeCo and CoFe 
films deposited by sputtering 
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As the size of the giant magneto resistive (GMR) devices continues to decrease into submicrometer 
regime, the demagnetizing field from the magnetic layers will increase to very high values, 
prohibiting switching with a reasonably small current. The most feasible way to reduce it is to make 
the magnetic layers thinner. Single layers of NiFeCo and CoFe films as well as multilayers 
consisting of these with various underlayers have been deposited by if diode sputtering in a 
magnetic field. NiFeCo becomes nonmagnetic at 15, 10, and 6 Ä when using Ta, Si3N4, and Cu 
underlayers, respectively. The magnetization of NiFeCo films sandwiched with Cu decreases as the 
films become thinner, indicating that about one atomic layer loses its magnetic moment at each 
interface with Cu. The induced magnetic anisotropy is a strong function of the NiFeCo film 
thickness, changing from 7 Oe for 20 Ä to 17 Oe for 100 Ä. CoFe films lose very little magnetic 
moment at the interfaces with Cu. Multilayers of [NiFeCo/Cu/CoFe/Cu] with different Cu 
underlayer thickness have been made and the magnetic and GMR properties show a strong 
dependence on the Cu buffer layer thickness due to different interface roughnesses. With proper 
designing of the interfaces, these very thin magnetic films have high potential for ultrahigh-density 
magnetic memory and other applications. © 1998 American Institute of Physics. 
[S0021-8979(98)37711-7] 

For future ultrahigh-density giant magneto resistive 
(GMR) magnetic random access memory (MRAM) and 
other applications, the size of the devices will continue to 
decrease to submicrometer and beyond. Accordingly, the de- 
magnetizing field will increase as the size gets smaller,1 lead- 
ing to a prohibitively high switching field which needs to be 
surpassed by a current in the device. In order to reduce this 
demagnetizing field the most feasible way is to use very thin 
magnetic layers. Though other means such as molecular 
beam epitaxy (MBE) are capable of making very thin mag- 
netic layers,2 sputtering remains the most practical technique 
for manufacturing. The objectives of this study are to iden- 
tify how thin a magnetic layer can be made with sputtering, 
to find out if they are compatible with other materials which 
have to be in contact with them, and to determine their mag- 
netic properties. NiFeCo and CoFe films are chosen because 
of their excellent magnetic properties in bulk form and ex- 
tensive usage in practical film applications.3 

Films were deposited by rf diode sputtering in a PE2400 
system equipped with four 8 in. targets, a single wafer load 
lock, and a water cooling wafer chuck.4 The deposition pa- 
rameters are 175 W power, 750 V target bias voltage, 20 
mTorr ultrapure Ar, and a target-substrate spacing of 1.5 in. 
The substrates are 4 in. Si(100) wafers coated with 2000 Ä of 
Si3N4 by low pressure chemical vapor deposition (LPCVD). 
The base pressure was better than 1.5X10"7 Torr before 
deposition. A magnetic field of 1.6 kA/m (20 Oe) was ap- 
plied during magnetic layer deposition to induce an easy 
magnetic axis. The entire deposition process was computer 
controlled. 

Magnetic properties were measured using a vibrating 

sample magnetometer (VSM) and an alternating gradient 
force magnetometer (AGM). Magneto-transport properties 
were measured using a computer controlled four-point probe. 

NiFeCo films of varying thickness are deposited on dif- 
ferent buffer layers of Ta, Si3N4, and Cu. NiFeCo films be- 
come nonmagnetic at a thickness of 15, 10, and 6 Ä on Ta, 
Si3N4, and Cu buffer layers, and with Ta, Ta, and Cu over 
coatings, respectively. Among these three buffer layers, Cu 
is the best in retaining the magnetization of NiFeCo. On Cu 
buffer layers the NiFeCo magnetization decreases as the film 
becomes thinner, as shown in Fig. 1. It is estimated that there 
is a magnetically dead layer of about 2 Ä at each interface of 
NiFeCo with Cu, except at 6 Ä nominal thickness where the 
magnetization becomes zero. The magnetization of 100 Ä 
NiFeCo is about 1100 emu/cc, similar to the bulk value at 
this stoichiometry.5 Figure 1(b) shows the thickness depen- 
dence of the induced anisotropy field Hk. Hk is about 17 Oe 
at 100 A, decreases when the film is thinner, is about 7 Oe at 
20 Ä, and becomes negligibly small when the film is much 
thinner than 20 Ä. When the Co concentration in NiFeCo is 
increased from 20 at. % to 40 at. %, Hk increases to 23 Oe 
for a 100 Ä film and 11 Oe for a 20 Ä film, as shown in Fig. 
Kb). 

Figure 2 shows the CoFe thickness dependence of the 
magnetization with Cu buffer and over coats. These CoFe 
films have little moment loss (~0.5 Ä at each interface) with 
a magnetization of about 1450 emu/cc, similar to its bulk 
value at this stoichiometry.5 The difference in their magne- 
tization reductions for CoFe and NiFeCo is likely due to the 
fact that Ni is metallurgically miscible with Cu, and Co and 
Fe are not. 
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Figure 3 shows the hysteresis loops of a 100 A NiFeCo 
film with (a) and without (b) a Cu buffer layer of 1500 Ä. A 
thick Cu underlayer will be necessary in vertical GMR 
MRAM as the bottom conductor. The thick Cu underlayer 
increases the coercivity of the NiFeCo layer dramatically, to 
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FIG. 2. Thickness dependence of the magnetization of CoFe single layers 
sandwiched between a Cu underlayer and over coat. 

37 Oe at 1500 A Cu from 2 Oe with no Cu. This coercivity 
value is about twice as much as the intrinsic induced anisot- 
ropy field. 

In order to search for the origin of the high coercivity 
with thick Cu underlayers, atomic force microscopy (AFM) 
images were taken with tapping mode on Si3N4 and Cu 1500 
Ä, as shown in Fig. 4. Cu 1500 Ä has much larger grains and 
rougher surface than Si3N4. The rms roughnesses are 15 and 
2 Ä for Cu 1500 Ä and Si3N4, respectively. It is clear that the 
rougher surface of the Cu causes the increase in coercivity of 
NiFeCo. Similarly, a CoFe single layer has a coercivity of 13 
Oe with a 40 Ä Cu buffer layer and 50 Oe with a 1500 Ä Cu 
buffer layer. 

Figure 5 shows the hysteresis loops of dual bilayers of 
-XCu-[12NiFeCo/75Cu/llCoFe/75Cu]2 with a varying Cu 
buffer layer thickness X. The switching fields for both the 
soft NiFeCo layers and the hard CoFe layers increase as the 
Cu buffer layer becomes thicker, because the interface be- 
comes rougher. The thick Cu spacer of 75 Ä is required to 
totally eliminate the exchange coupling between the mag- 
netic layers. The antiparallel state is only realized due to the 
difference in the coercivities of the NiFeCo and CoFe layers. 

Figure 6 gives current-in-plane (CIP) GMR plots for the 
dual bilayers with a 40 Ä Cu buffer layer (a) and a 1500 Ä 
buffer layer (b). Due to the thick Cu spacers as well as the 
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FIG. 4. AFM surface images of Si(100)/Si3N4 2000 Ä (a) and Si(100)/Si3N4 

2000 Ä/Cu 1500 Ä (b) using tapping mode. The rms roughnesses are 15.0 
and 2.0 Ä, respectively, with and without Cu. The vertical scale z is 10 nm 
for (a) and 15 nm for (b). 
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thick Cu buffer layer the CIP GMR is only a few percent to 
a fraction of a percent. Current perpendicular to plane (CPP) 
GMR on patterned devices is about 16%, with a high switch- 
ing field around 200 Oe mainly from the rough surface.6 In 
order to make the device work at a reasonably low switching 
field, the starting surface has to be made smoother through 
either improved sputtering or a polishing technique such as 
chemical-mechanical polishing (CMP). 
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Ferromagnetic resonance linewidth in thin films coupled to NiO 
R. D. McMichael,a) M. D. Stiles, P. J. Chen, and W. F. Egelhoff, Jr. 
National Institute of Standards and Technology, Gaithersburg, Maryland 20899 

The out-of-plane angular dependence of the ferromagnetic resonance linewidth, AH, has been 
measured for thin magnetic films coupled to NiO and for uncoupled control films. In the control 
films, AH is described by nearly angle-independent damping parameters. In the NiO-coupled films, 
however, the damping was found to depend strongly on magnetization orientation, with linewidth 
values comparable to the control samples at normal orientation, but several times larger when the 
magnetization lies in plane. The additional linewidth in the NiO-coupled films follows the angular 
dependence of the number of nearly degenerate spin wave modes, in agreement with the predictions 
of a two-magnon scattering model of damping which incorporates a spin wave dispersion relation 
suitable for ultrathin films. © 1998 American Institute of Physics. [S0021-8979(98)37811-l] 

I. INTRODUCTION 

Increased ferromagnetic resonance linewidth1'2 is a part 
of the complex phenomenology of exchange anisotropy that 
includes shifted hysteresis loops,3 rotational hysteresis,4 

shifts in the Brillouin scattering frequency,5 and ferromag- 
netic resonance (FMR) field.1'2'6 Explanations of the in- 
creased linewidth in ferromagnet/antiferromagnet bilayers 
have been based on a dispersion of resonance fields due to 
dispersion of the exchange bias.1'2 This article presents, for 
the first time, measurements of the FMR linewidth, AH, as a 
function of the magnetization orientation from in-plane to 
film normal. These results are compared with the predictions 
of a two-magnon model of FMR damping. 

II. EXPERIMENT 

The samples in this study were deposited by dc magne- 
tron sputtering in 0.25 Pa (2 mTorr) Ar. The base pressure 
before depositing a film was approximately 10~6 Pa 
(IGT8 Torr) of which 90% was hydrogen. The films con- 
sisted of Ni80Fe20, Co, and Co30Ni35Fe35 deposited on 50 nm 
NiO and capped with Au or Ta, and the magnetic film thick- 
ness ranged from 4.0 to 10.0 nm. These films were deposited 
in a field which set the direction of the exchange anisotropy 
field, Hex. The corresponding control films were deposited 
with 2.0 nm layers of Ta separating the magnetic films from 
the NiO. 

Ferromagnetic resonance spectra were taken using an x- 
band spectrometer operating at 9.78 GHz. The samples were 
mounted on the side of a quartz rod passing through the 
center of the TE102 microwave cavity, and sample orientation 
was controlled by a goniometer with a precision of ±0.12°. 
Samples were mounted with Hex directed parallel to the ro- 
tation axis, along the z direction (see Fig. 1) so that the 
applied field, H was always perpendicular to Hex. Reso- 
nance fields and peak-to-peak field linewidths of 10 nm thick 
Ni8oFe2o films on NiO and on Ta are shown in Fig. 2. 

The free energy, JF~, of the magnetization is modeled 
by 

3T=KU sin2 6 sin2 </> + Ka sin2 6 cos2 c^-^M-H 

-/xoM-Hex-/i0M-Hra, (1) 

where Ku and Ka are uniaxial anisotropies with hard axes 
directed along the v and x directions, respectively. H is the 
applied field and Hra is a rotatable anisotropy field, HraIIM, 
included to model an isotropic negative resonance field 
shift.6 The angles are defined in Fig. 1. The resonance con- 
dition is given by 

-1 r rjr   or   _ <n~2 (w/y)2 = (M2 sin2 ö)"1^^^-^], (2) 

where the subscripts indicate partial derivatives, evaluated at 
values of 0 and cf> which minimize 3F, and y=gfj,b/h 
«IJöXIO11^-1. 

The Hres data was fit using an orthogonal least-squares 
algorithm7 to obtain values for the parameters in Eq. (1). The 
fit parameters are then used to calculate d> and values of 
d(o/dH corresponding to each data point. 

While the measurements were made by sweeping H at 
fixed w, theoretical linewidth calculations are simpler at 
fixed H. To make comparisons with theoretical results, val- 
ues for Aw are obtained from the AH data using Aw 
= (dco/dH)AH where dco/dH is calculated numerically us- 
ing parameters obtained from the Hres fit described above. 
Plots of Aw/y vs <f> for the 10 nm thick Ni80Fe2o samples are 
shown in Fig. 3. There is a smooth increase in Aw in the NiO 
coupled film as M is rotated from the sample normal (90°) to 
in-plane (0°). In contrast, Aw does not depend strongly on <f> 
for the Ni80Fe20 film on Ta. Other films with different thick- 

Wtius~~ 
"'Electronic mail: robert.mcmichael@nist.gov 

FIG. 1. Coordinate system used in to describe the orientation of M, H, and 
k with respect to the film. 
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FIG. 2. Resonance fields and linewidths (inset) for 10 nm thick films of 
Ni80Fe2o on NiO and on Ta. The solid lines are fits to the HTCS data. 

nesses and compositions described above were measured, 
and the results show very similar linewidth behavior. 

III. TWO-MAGNON THEORY 

The ferromagnetic film is modeled as a NxXNyXNz 

rectangular array of spins with lattice parameter a. The 
thickness of the film, d, is given by d = Nya. The coordinate 
system used to describe the orientation of M, H, and the spin 
wave propagation vector, k, is shown in Fig. 1. 

In a uniform film, the normal modes can be described as 
a uniform precession mode, which couples to the microwave 
excitation field, and a manifold of spin wave modes which 
are not directly excited. Nonuniformities will induce cou- 
pling between the normal modes, leading to a broadening of 
the resonance. 

The two-magnon model of FMR damping8-10 treats non- 
uniformities as perturbations. The scattering rate, A.o,*->x > °f 
uniform precession, or k = 0, magnons into other, k ¥= 0 spin 
wave mode is 

-2jr V 
n    k 

S(h(x)Q — h(ok), (3) 

where Ak is the coefficient of the perturbation Hamiltonian 
term which couples the uniform precession and spin wave 
modes. As A. represents the rate of decay of a population of 

McMichael et al. 

k = 0 magnons, it also represents a contribution to the fre- 
quency linewidth, Aw=\ + &0, of continuously driven 
uniform precession. 

If the inhomogeneity is restricted to the interface, the 
perturbation Hamiltonian can be modeled as an exchange 
bias or anisotropy field, Hp(r), acting on the first layer 
of atoms in the ferromagnet. This field varies randomly 
from grain to grain along the interface, but is correlated 
over a distance, £, corresponding to a grain size. When 
the expectation value of \A2

k\ is calculated using Ak 

= yhfi0/JNHp(k)9 under the assumption that 
(Hp(r)Hp(r'))~(H2

p)exp[-\r-r'\/£l 

27ry2nl(H2
p)        _ 

NxNzd
2      1   [1- 

2^2 SoJk/
/7T 

(Hyyu[s<oi+(w0-a>k)
2y 

(4) 

In this expression, the S function in Eq. (3) has been replaced 
by a Lorentzian with 8o)k chosen to represent the intrinsic 
spin wave linewidth. 

The spin wave dispersion relation, wk 

= <o(k,iJ/k,H,4>h>M>(f>>d), is the source of angular depen- 
dence in Eq. (4). It is derived assuming uniform precession 
through the thickness of the film because in the thickness 
range of interest, spin waves with components of k perpen- 
dicular to the plane of the film will have <ok> w0 and will not 
count in the sum. Starting with dM/dt= - |y|MXH and us- 
ing magnetostatic fields given by 

//>) = -MJk), (5) 

H°z(k)=-k[Mx(k)kx + Mz(k)kz](l-Nk)/\k\2,       (6) 

where Nk = [l-exp(-kd)]/kd,n the resulting dispersion re- 
lation is 

(£»t//ioy)Mffi + 0*2 + A*(l-tf*)sin2&] 

X[Hj + Dk2 + MNk cos2 <f> 

+ M(l-Nk)sin2 <f>cos,2 if/k] 

-[M(l-Nk)cos ipk sin if/k sin c/>]2,    (7) 
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FIG. 3. Frequency linewidth, Aco/y for 10 nm thick Ni80Fe20 films on NiO 
and Ta plotted as a function of magnetization orientation. The solid line is 
the prediction of the two-magnon model. 

11.5 

FIG. 4. Spin wave manifolds calculated for a 10 nm thick Ni80Fe20 film with 
(a) M oriented in the plane of the film, (b) at 0=45°, and (c) normal to the 
film. The applied field is set to give &>0/27r=9.8 GHz in each case. 
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FIG. 5. Thickness dependence of the number of degenerate spin waves 
calculated for a NigoFe2o film at 34 GHz, using fi0Scok/y= 10 mT and £=40 
nm. 

where Ht is the internal static magnetic field, D is the spin 
wave dispersion constant, and the angles are defined in Fig. 
1. Spin wave manifolds calculated from Eq. (7) are shown in 
Fig. 4. 

The solid line in Fig. 3 is the result of the two-magnon 
theory for a 10 nm film of Ni80Fe2o assuming that £=40 nm, 
which is a typical grain size for these films. To match the 
experimental data at 0° and 90°, the value of ixQHpald was 
adjusted to 35 mT and an intrinsic linewidth 8<o0=8<ok 

= 5 mT was used. 
It is helpful to think about the result in Eq. (4) in terms 

of two parts: the terms outside the summation having to do 
with the strength of the scattering of spin waves, and the 
summation over magnon wavevectors which is essentially a 
weighted count of the number of spin wave modes having 
wave vectors matching the spatial flucturations of the per- 
turbing field and with frequencies close enough to w0 to 
accept the scattered energy. The angular dependence of Aw 
is contained entirely within the mode counting terms through 
o)k, and the thickness dependence is shared by the mode 
counting and the scattering strength terms. 

The quantity Lad11(H2a1) contains only the thickness 
dependence of the mode counting, with the explicit 1/d2 

thickness dependence of the scattering strength factored out. 
This quantity is plotted in Fig. 5 as a function of inverse film 
thickness for Ni80Fe2o films with M in plane (0=0). 

The thickness dependence of the two-magnon model, 
with an explicit 1/d2 dependence in the scattering strength 
and a 1/d thickness dependence in the mode counting does 

not agree well with published results1'2 which show the line- 
width increasing linearly with 1/d for d> 10 nm and decreas- 
ing for a thinner sample. The 1/d2 dependence of the scat- 
tering strength can be eliminated if the perturbing field is 
assumed to act on spins throughout the thickness of the 
sample, rather than on the surface spins. It is interesting to 
note that the thickness dependence of the mode counting part 
alone, without the implicit thickness dependence of the scat- 
tering strength, is very similar to that of previously published 
results (see Ref. 2, Fig. 5). 

IV. CONCLUSIONS 

The experimental results show consistently that for mag- 
netic films deposited on NiO, the FMR linewidth is several 
times larger for M in plane than for M normal to the film, 
and that the frequency linewidth changes smoothly as a func- 
tion of magnetization orientation. In agreement with the two- 
magnon model, these results are consistent with a propor- 
tionality between the frequency linewidth and the number of 
nearly degenerate spin wave modes. 

If the perturbation is restricted to the interface, the two- 
magnon model predicts an explicit 1/d2 dependence multi- 
plying the ~ 1/d dependence of the mode counting. This re- 
sult is not supported by previous experimental data.1'2 

However, if the perturbation is allowed to act throughout the 
thickness of the film, there is no explicit thickness depen- 
dence and the agreement with experiment is quite good. 
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Magnetic ordering in Co films on stepped Cu(100) surfaces 
S. T. Coyle and M. R. Scheinfein 
Dept. of Physics and Astronomy, PSF 470 Box 871504, Arizona State University, Tempe, Arizona 85287 

Ultrathin films of Co were grown on Cu(100) and characterized by nanometer resolution secondary 
electron microscopy, Auger electron spectroscopy, and the surface magneto-optic Kerr effect. An 
unexpected out-of-plane remanence was detected in many films. The anisotropy of atoms near 
defects along the Co/vacuum interface calculated via the Neel model indicates that atoms at the 
bottom corner of a step edge are canted out-of-plane. Full three-dimensional micromagnetics 
simulations which incorporate site specific anisotropy (including step edges, kinks, and voids) have 
been performed. Simulations with unidirectional arrays of [ 110] steps, such as vicinal surfaces, do 
not exhibit out-of-plane remanence. Simulations with facets consisting of connected [110] and 
[ 110] steps exhibit out-of-plane remanence of 0.03. This is lower than the experimental value of 
0.11.   © 1998 American Institute of Physics. [S0021-8979(98)37911-6] 

I. INTRODUCTION 

Magnetic surface anisotropies play a key role in deter- 
mining the magnetic properties of thin films and 
multilayers.1 Recently the anisotropy of steps has been found 
to be important in understanding the magnetic behavior of 
some systems.2-4 Since the roughness of the Co/Cu interface 
plays a key role in determining GMR properties,5 character- 
izing the Co/Cu interface including the effect of defects is 
important. Ultrathin films of Co were grown on Cu(100) in 
order to study the morphology and the resulting magnetic 
properties at early stages of growth. The films were charac- 
terized by nanometer resolution secondary electron micros- 
copy, Auger electron spectroscopy, and the surface magneto- 
optic Kerr effect (SMOKE).6 An unexpected out-of-plane 
remanence was detected in many films. 

The cause of this out-of-plane component of the magne- 
tization could be related to film morphology at the early 
stages of growth. One possible mechanism which may pro- 
duce out-of-plane magnetization is defect related anisotropy 
on imperfect surfaces. The anisotropy of atoms near defects 
along the Co/vacuum interface has been calculated. Atoms 
along the bottom corner of a (110) step which have strong 
uniaxial anisotropy canted out-of-plane, may couple to the 
spins of nearby atoms. A significant out-of-plane component 
to the magnetization may occur for some critical density of 
these sites. This short article will address the feasibility of 
this mechanism for the origin of the perpendicular compo- 
nent to the observed magnetization. 

Co grown on substrates with high defect densities re- 
sulted in dramatic faceting of step edges and the creation of 
rectangular pits.6 The anisotropy of atoms of low coordina- 
tion created by this morphology may significantly affect the 
magnetization of the film, and may thus affect the GMR 
properties of multilayers. To evaluate the equilibrium mag- 
netic microstructure in such films, and to determine if the 
anisotropy at sites with low symmetry may be responsible 
for the observed out-of-plane remanence, full three- 
dimensional micromagnetics simulations were performed in- 
corporating the calculated site specific anisotropies. 

II. EXPERIMENTAL RESULTS 

Morphological characterization with concurrent magne- 
tization measurements was obtained from Co grown on bulk 
single crystal Cu(100) samples.6 Cu substrates were cleaned 
by repeated Ar+ ion sputter and anneal (600 C) cycles. Co 
was grown by electron-beam evaporation at rates between 
0.05 ML/min and 0.2 ML/min at pressures <5X10~10 

mbar (1 ML= 1.53X1015 atoms/cm2). Samples were trans- 
ferred in situ into the SMOKE chamber for magnetic char- 
acterization, then transferred in situ into an ultrahigh vacuum 
scanning transmission electron microscope for nanometer 
resolution secondary electron (SE) imaging.7 SE micro- 
graphs revealed complex growth morphologies which varied 
between different films. Many films contained high densities 
of steps, kinks, and facets. 

Co/Cu(100) films in this study became ferromagnetic at 
room temperature at about 1.7 ML. Zero field susceptibility 
in the paramagnetic regime and remanence in the ferromag- 
netic regime generally increased with coverage. In many 
films a second magnetic phase was detected with out-of- 
plane remanence and a coercivity 5-10 times the in-plane 
value which increased with Co coverage. Figure 1 contains 
such Kerr hysteresis loops taken in the longitudinal [Fig. 
1(a)] and polar [Fig. 1(b)] geometries7 from a 2 ML thick 
film. As a result of the 45° incident scattering angle, polar 
signals were five times stronger than the longitudinal 
signals.8 The out-of-plane component of the magnetization in 
the film in Fig. 1 is therefore —0.11. 

Longitudinal Polar 
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FIG. 1. Kerr hysteresis loops from a sample exhibiting out-of-plane rema- 
nence. Part (a) was taken in the longitudinal geometry and (b) was taken in 
the polar geometry. The Kerr signal is given in arbitrary units, and the scales 
in (a) and (b) are the same. 
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III. MICROMAGNETICS SIMULATIONS 

The anisotropy of face centered cubic atoms has been 
calculated for reduced symmetry structures such as steps and 
kinks following the Neel model of anisotropy,9 and including 
the effects of strain.10 In agreement with Chuang et al.,n the 
anisotropy of atoms along the bottom corner of a step edge 
(step corner) was found to be uniaxial and canted out-of- 
plane, while the anisotropy of atoms along the top corner of 
a step (step edge) was uniaxial in-plane along the step direc- 
tion. The anisotropy of bulk atoms and surface atoms was 
biaxial in-plane along (110). The anisotropy of kink edge 
atoms was biaxial in-plane along (110) and that of kink cor- 
ner atoms was uniaxial in-plane along the kink direction. A 
summary of these results is given in Table I, and a schematic 
of a Co surface identifying individual sites is presented in 
Fig. 2. Strain due to the misfit of face-centered-cubic (fee) 
Co and fee Cu has been included in all anisotropy calcula- 
tions except when noted. 

The anisotropy terms (Table I) proportional to cos2 6 
extract a high penalty for magnetization out of the plane. Of 
the remaining terms, those proportional to L(r0) are larger 
by a factor of 102 than terms containing e0 or Q(r). The step 
corner, kink-in corner and kink-out corner sites hold promise 
for out-of-plane magnetization due to the term proportional 
to sin 6 cos 6. The step corner has an energy minimum which 
is out-of-plane, while the kink-in corner and kink-out corner 
sites have energy minima which are in-plane. 

These atomic, site specific anisotropy energies have been 
incorporated into micromagnetics simulations12 of Co on 
stepped Cu(100). The simulation searches for solutions to the 
Landau-Lifshitz-Gilbert equation. The following energies 
were included: exchange energy, site-specific anisotropy en- 
ergy, magnetostatic self-energy, and external magnetostatic 
field energy. The saturation magnetization, exchange stiff- 
ness, gyromagnetic frequency gamma, and damping con- 

0 Surface A Kink-in Edge 
• Bulk ▲ Kink-in Corner 
□ Step edge V Kink-out Edge 

■ Step comer T Kink-out Corner 
[110] 

FIG. 2. Schematic representation of atomic sites in the vicinity of a kinked 
(110) step. The anisotropy of these sites is given in Table I. 

stant alpha were set to the bulk values for Co. This is a 
continuum model which has been discretized at atomic 
length scales. 

The micromagnetic structure of two monolayer (ML) 
films has been simulated where the top layer consists of a 
terrace one half the width of the bottom layer. The two step 
edges in the top layer were aligned along [ 110] or [100]. In 
some simulations kinks were inserted into the step edges at 
regular intervals and the terrace widths were varied. The 
simulations used periodic boundary conditions in both in- 
plane directions. The system was discretized into cells with 
sides of length a0/v2 on a simple cubic lattice, where a0 is 
0.361 nm. This insured that the volume of the region with 

TABLE I. Anisotropy energies for fee (100) sites described in the text and shown schematically in Fig. 2. 
Derivations of anisotropy energy and the value of the constants have been given in Ref. 9. Note r, 6, and <f> have 
been defined in the usual way. The step direction is [110]. For [110] steps, change <p to T-tp. 

Site/constant Anisotropy energy 

Bulk unstrained (Ebu) 
Bulk strained 
Surface 
Step edge 

Step corner 

Kink-in edge 
Kink-out edge 
Kink-in corner 

Kink-out corner 

Q(r0) 
L(r0) 
dLldr r0 

ß(r)/4(sin2 20+ sin2 2<p sin4 0) 
(-6e0L(r0)-e0dL/dr r0)cos2 0+£bu 

(- U2L(r0)-3e0L(r0)-e0dL/dr r0)cos2 8+Ebu 

(- l/4L(r0)-3e0L(r0)-3/4e0dL/dr r0)cos2 0 
+ ( — l/2L(r0)- \l2e0dLldr r0)sin2 ösin <pcos <p+£bl 

(-V4L(r0)-9/2e0L(r0)-e0dLldr r0)cos2 0 
- l/2L(r0)sin 6cos #(sin <p+cos q>)+Eb„ 
(-V2L(r0)-3eoL(ro)-eodL/dr r0)cos2 8+Ebn 

(-3e0L(r0)-V2e0dL/dr r0)cos2 9+Ebtl 

(-l/4L{r0)-U/2e0L(r0)-e0dL/dr r„)cos2 0 
+ (-l/4L(r0)-l/2e0L(r0))sin2 0cos2 ip 
- l/2L(r0)sin Öcos öcos ip+Eb„ 
(-V4L(r0)-l/2e0L(r0)-e0dUdr r0)cos2 6 
+ (l/4L(r0)+ l/2e0L(r0))sin2 0cos2 q> 
- l/2L(r0)sin Öcos öcos ip+Ebu 

-1.2X106 erg/cm3 

-1.5X108 erg/cm3 

5.5 X108 erg/cm3 

0.019 
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step anisotropy matched the volume occupied by a step ori- 
ented along (110). The system was allowed to relax with no 
applied field in order to determine the equilibrium magneti- 
zation distribution in the film. 

No significant out-of-plane ((Mz)>0.01) component of 
the magnetization was present in the equilibrium magnetiza- 
tion distribution. The spins of the step corner atoms were 
expected to couple to the spins in the terraces and perhaps 
cause them to be somewhat canted out-of-plane. This did not 
occur as a result of the balance between the anisotropy en- 
ergies of neighboring atoms and the exchange energy which 
couples them. The out-of-plane anisotropy of the step corner 
site occurs via the term proportional to cos 0(sin 8 sin <p 
+sin 0cos <p) [i.e., mz(mx + my)]. The minimum energy oc- 
curs when -mz = mx + my. This equals zero for ip=3ir/4 
([110]), which is the uniaxial anisotropy axis for the step 
edge site. Although the anisotropy energy of the step edge 
and step corner sites are about equal, the coupling via ex- 
change to nearby surface and bulk sites (biaxial (110)) en- 
sures that the step edge site is dominant. For any initial con- 
dition on the magnetization the final minimized energy 
configuration has the spins aligned along the step direction, 
and the out-of-plane component vanishes with (sin cp 
+ COS <p). 

The magnetization configuration is somewhat different 
for faceted steps and square islands. At the corner joining a 
[110] step to a [110] step, the magnetization of each step 
will be forced away from (110) by the field due to the other 
step, resulting in a nonzero out-of-plane component. If the 
density of facets is large enough or the size of islands small 
enough a significant out-of-plane remanence will exist. This 
configuration has been simulated via a square island 
(3 nmX3 nm) on a 5 nmX5 nm square layer with periodic 
boundary conditions. The length of the sides of the island 
was chosen to approximate the length of facets observed in 
films which exhibited out-of-plane remanence. The out-of- 
plane component of the calculated average equilibrium mag- 
netization was ~0.03. This was significantly less than the 
results from Kerr loops shown in Fig. 1. 

IV. CONCLUSION 

It is apparent from these micromagnetics simulations 
that the anisotropy of step atoms can not be responsible for 

the out-of-plane remanence we observed experimentally. For 
surfaces with a high density of (110) facets, this anisotropy 
may be a contributing factor. This micromagnetics result 
from semi-infinite parallel (110) steps agrees with the experi- 
mental results from Co deposits on vicinal Cu(l 1 13) 
surfaces.4 The anisotropy switches to biaxial in-plane at in- 
creased temperatures.13 This may be due to Cu atoms deco- 
rating the step edges,14 or to restructuring of the step edges 
with rectangular protrusions perpendicular to the original 
step.15 In the latter case, micromagnetics simulations re- 
ported here predict a small (—3%) out-of-plane component 
to the magnetization. 
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Overpotential driven perpendicular magnetization of electrodeposited 
ultrathin cobalt films 

J. L. Bubendorff, E. Beaurepaire, C. Merry, and J. P. Bücher 
Institut de Physique et de Chimie des Materiaux de Strasbourg, UMR 46 CNRS, 23 rue du Loess, 
F-67037 STRASBOURG Cedex, France 

Depending on the overpotential applied during electrodeposition of ultrathin cobalt films (77 
= 0.1-2.2 V), either in-plane or out-of-plane magnetization can be stabilized. The regime of high 
supersaturation in particular allows to engineer electrodeposited cobalt films on Au(lll) that show 
perpendicular magnetization (in the thickness range from 2 to 8 atomic layers) exactly like their 
ultrahigh vacuum grown counterparts. The film topography depends on the overpotential as shown 
by atomic force microscopy: continuous films are obtained at low overpotential whereas high 
overpotential leads to the formation of islands. The perpendicular magnetization results from a 
subtle thickness dependent competition between the shape and the interface anisotropy. © 1998 
American Institute of Physics. [S0021-8979(98)48111-8] 

Adsorption of atoms on a substrate is a nonequilibrium 
process, the system is temporarily supersaturated and tries to 
restore equilibrium by forming islands. Nucleation and 
growth compete to restore equilibrium.1 Therefore, magnetic 
properties of growing islands may strongly differ from those 
of a continuous film and the system becomes truly two di- 
mensional only after the islands have coalesced.2 

Compared to physical vapor deposition techniques 
which rely on costly equipment operating under ultrahigh 
vacuum (UHV) electrochemical deposition techniques are 
cheap, versatile, and allow a wide range of parameters to be 
adjusted for giant magnetoresistance applications3'4 and in 
nanostructured magnetic needles and multilayers with high 
aspect ratios.5'6 Furthermore, high values of supersaturation 
(which are necessary to precipitate clusters) can be achieved 
that are ideally adapted to the engineering of nanostructured 
advanced materials. 

In this work, we show how the magnetic anisotropy (the 
tendency of the magnetization to align along a given direc- 
tion) of ultrathin, electrodeposited, and Cu covered cobalt 
films on Au(l 11) can be tuned continuously from in-plane to 
out-of-plane by carefully controlling the overpotential rj 
= 11/applied-UCo/Co+2| during deposition in a beaker. We 
found I/Co/Co2+=-1.02 V/mercury sulfate electrode (MSE) 
(potential quoted versus the mercury sulfate electrode) and 
the Co deposition starts at 77=0.13 V.7 The configuration 
with perpendicular magnetization has been stabilized previ- 
ously only on ultrathin epitaxial films grown in UHV8-13 and 
is of considerable interest for technological applications, in 
particular magneto-optic data storage. 

Gold substrates were prepared by vacuum evaporation of 
100-nm-thick gold films onto freshly cleaved mica substrate. 
Each sample was then flame annealed leading to (111) tex- 
tured gold films with terraces 100 to 200 nm wide as verified, 
by scanning tunnel microscopy (STM).14 Electrochemical 
measurements were conducted in a three electrode cell under 
potentiostatic mode, with a mercury sulfate electrode (MSE) 
as a reference and a Pt counter electrode. Solutions of 4 
X10"2 M CoS04 and 9X10~3 M CoCl2, were prepared 
with reagent grade chemicals in bidistilled water. No addi- 
tives (such as saccharine15 or benzotriazole16) have been 

used and pH=4 is achieved by adding H3B04 to the solution. 
Under the conditions of our experiment, (see Ref. 17 for 
details) deposits with purity comparable to MBE can be 
achieved.18 

Bulk deposition of cobalt is performed only after a high 
quality gold Au(lll) electrode has been identified by its 
characteristic V3X22 reconstruction and dereconstruction 
peaks in the cyclic voltammograms (cyclic current-voltage 
curves).19 In order to induce widely different growth modes, 
a set of samples of thicknesses comprised between 1 and 100 
AL have been grown at overpotentials between 77 =0.18 and 
2.2 V corresponding to deposition rates between 0.15 and 50 
AL/s. Cobalt films have been covered in situ by an additional 
30-AL-fhick Cu film after addition of CuS04 solution to the 
base solution, at 77=0 V (Cu2+ ion concentration 5 
X 10~4 M deposition rate 0.3 AL/s). The Cu/Co/Au films 
have finally been emerged from the solution and tested {ex 
situ) for their magnetic and structural properties. 

Figure 1 compares the topography of two Co films, 1.5 
nm thick, without Cu protection, prepared at 77=0.18 (a) and 
0.68 V (b). After emersion under potentiostatic control (77 
= 0 V), the films are directly observed using tapping mode 
AFM. The deposit made at 77=0.68 V consists of connected 
islands with a lateral extension of about 30 nm and average 
height of 2 to 3 nm. The islands are found to be disconnected 
for equivalent thicknesses below 1 nm and coalesce with 
increasing Co thickness, similar to what was observed for 
UHV grown films.20 For 77=0.18 V, the Co film is quite 
continuous since growth is probably initiated at step edges 
and defects and the Co film follows the topography of the 
underlying gold substrate. 

The local crystallographic structure of the buried Co 
films has been studied elsewhere21 by zero field NMR. At 
pH=4 and 77=0.68 V, the films are made of up to 84% hep 
cobalt with the c axis perpendicular to the Au(lll) plane. 
The remaining 16% are cobalt atoms in a cfc environment. 
For 77=0.18 V, the concentration of hep-Co drops to 77% 
mainly due to the presence of stacking faults in the hep phase 
(11%). The Co/Au interface is found to be very sharp.21 In 
particular, it always involves one complete plane of atomic 
Co and no intermixing, like in Co/Cu multilayers,22 occurs. 

0021 -8979/98/83(11 )/7043/3/$15.00 7043 11998 American Institute of Physics 
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FIG. 1. AFM images of an uncovered 1.5-nm-thick cobalt film as a function 
of overpotential. (a) 77=0.18, (b) 0.68 V. Clearly seen in the pictures are the 
flat gold patches, about 500 nm wide, on mica (note dilated z scale) which 
are covered either by a smooth film of cobalt at low overpotential or granu- 
lar islands of cobalt at high overpotential. 

Magnetic hysteresis loops, in the configuration with the 
magnetic field perpendicular and parallel to the film plane, 
have been measured by magneto-optic Kerr effect. Figure 2 
shows the hysteresis loops for 3.6-AL-thick Co films, ob- 
tained at overpotentials of 0.18 and 0.68 V. At 97= 0.18 V 
the component of the magnetization is strongest along a di- 
rection parallel to the film plane whereas at 77=0.68 V, the 
easy direction of the magnetization is perpendicular to the 
film plane (rectangular shape of the hysteresis loop). The 
saturation magnetizations MS(T7=0.18 V)=1250±180 G and 
MS(T7=0.68 V)=1395±200 G as measured by alternating 
field gradient and superconducting quantum interference de- 
vice (SQUID) magnetometry are in good agreement with the 
bulk value M, = 1420 G.8'9 

The ratio of the remnant magnetization [Mr=M(H 
= 0)] in the perpendicular direction over the saturation mag- 
netization Ms, provides a good measure of the tendency of 
the system to stabilize the out-of-plane configuration. Figure 
3(a) shows MrIMs as a function of the film thickness ?Co for 

Magnetic Field 

FIG. 2. Hysteresis loops recorded by magneto-optical Kerr effect on a 3.6- 
AL-thick cobalt film. The magnetic field is applied perpendicular (X) and 
parallel (II) to plane. Overpotentials during electrodeposition were 77=0.18 
and 0.68 V, respectively. 
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FIG. 3. (a) Ratio of remnant magnetization Mr over saturation magnetiza- 
tion M j in the perpendicular configuration as a function of film thickness for 
77=0.18 and 0.68 V. (b) MrIMs and (c) polar coercive field Hc as a func- 
tion of 77 for cobalt films 6.5 AL thick. The continuous increase of MrIMs 

shows the evolution towards fully out-of-plane magnetization Hc = 280 G at 
overpotentials 77&O.68 V. (d) Product of the effective anisotropy (Kcff) and 
the film thickness (fCo) as a function of fCo for 77=0.18 and 0.68 V. The 
slopes of the curves lead to Kv while Ks is the intercept at <co=0- 

two widely different deposition rates. The ability of high 
growth rates to stabilize the out-of-plane configuration for 
3AL<?Co<7AL (Mr/Ms is close to 1) appears clearly 
while the out-of-plane magnetization is never stable in films 
deposited at low deposition rates at room temperature. The 
drop of MrIMs at large fCo is attributed to the fact that shape 
anisotropy, which tends to align the magnetization in the film 
plane, overcomes the surface and magnetocrystalline anisot- 
ropy. The significant role of the overpotential 77 applied dur- 
ing deposition on the magnetic properties is evidenced in 
Fig. 3(b) (case of 6.5 AL film). After a steep increase for 
77>0.6 V, MrIMs reaches a value of 1 and the magnetiza- 
tion remains perpendicular for 0.65<?7<1.9 V. The coer- 
cive field Hc [Fig. 3(c)] reached a saturation value of 280 G 
at 77=0.68 V, close to the values obtained for films grown 
under UHV.8"13 Further optimization in the sample prepara- 
tion process (ion concentration, gold surface preparation 
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FIG. 4. (a) Models 1 and 2 for the growth of Co films at 77=0.68 V. (b) 
Comparison between experimental data and the calculated values of KeSftCo 

prior to deposition) may contribute to an increase in Hc, and 
make these films attractive for magneto-optical data-storage 
applications. 

To obtain quantitative information about the magnetic 
anisotropy, we first assume flat, continuous, cobalt structures 
with uniaxial anisotropy, and express the total energy as E 
= — M- H+Keif sin2 #, where Ke{{ is an effective anisotropy 
term and ■& is the angle between the magnetization and the 
normal to the film plane. The effective anisotropy can be 
quantified by calculating the area between perpendicular and 
parallel magnetization curves (first order approximation)23 

and may be written as the sum of three terms:7 Keff=Kv 

+ßKs/tCo-2TraM2, where Kv is a volume, Ks an interface 
contribution (accounting for Co/Cu and Co/Au interfaces), 
2iraM2 the shape anisotropy, and a and ß two parameters 
depending on the film topography. When the film is continu- 
ous and planar, a and ß are strictly equal to 1. A thickness 
dependent competition between the volume and interface 
term and the shape anisotropy occurs leading to perpendicu- 
lar (respectively, in-plane) magnetization when Ket{ is posi- 
tive (respectively, negative). Figure 3(d) represents KeittCo 

versus tCo for films prepared at 77=0.18 and 0.68 V. At 
77=0.68 V, the slope of the curve in Fig. 3(d) (in the regime 
rCo>8 AL) leads to Kv = 670 kJ/m3 and Ks = 0.8 mJ/m2. The 
slope of the curve changes abruptly at tCo=7 AL and Ktii 

turns positive below 7 AL, leading to perpendicular magne- 
tization. For deposits made at 77=0.18 V, (Kv = 370 kJ/m3 

and Ks = 0.6 mJ/m2), on the contrary, Kti{ goes smoothly to 
zero but remains always negative. Our value of Kv and Ks 

are in good agreement with known values obtained by the 
same analysis for MBE grown films.10'12'13 

At low coverages when the films are discontinuous, ß is 
different from 1 and decreases with the increasing proportion 
of uncovered gold surface, ß can be taken as the proportion 
of covered gold surface while a depends on the shape of 
cobalt islands. On the basis of AFM images for 77=0.68 V, 
and in order to get numerical inputs for the expression of Kett 

we now assume cylindrical islands of height L and radius R 
that are distributed on a hexagonal lattice [see Fig. 4(a)]. 
Expressions of a have been given as a function of L/2R.24 

For fCo=2AL, the AFM images lead to a density D=15 
nucleation centers per /um2, average values of L and R are, 

respectively, 1.7 and 7 nm. In the following, two models are 
considered corresponding respectively to instantaneous and 
progressive nucleation [Fig. 4(a)]. Model 1 considers that the 
cylindrical islands grow laterally and vertically, in such a 
way that the ratio L/2R and the number of islands remains 
constant (instantaneous nucleation). a takes the value 0.65 
and ß changes as a function of Co coverage. At coalescence, 
a becomes equal to 1, therefore the shape anisotropy domi- 
nates Keff at high coverage. Model 2 describes in a simplified 
way the progressive nucleation. Cobalt islands are added 
stepwise on a hexagonal lattice [see Fig. 4(a)]. The nucle- 
ation rate and the ratio LI2R are constant. The islands grow 
until they reach a thickness L = 7.5 AL. As shown on Fig. 
4(b), both models reproduce correctly the positive value of 
Ke{ftCo at low Co coverage as well as the slope change of 
Kef{tCo versus tCo when islands coalesce. The progressive 
nucleation however seems to fit the data better at higher cov- 
erage. 

In the case of Co deposited at 77=0.18 V, the best ap- 
proximation consists in taking or=l (since the deposits are 
flat and laterally extended), while ß is allowed to change 
with the Co coverage. Since ß is small at low coverage, the 
in-plane shape anisotropy remains dominant at any thick- 
ness. It is mainly the topographic difference between films 
prepared at 77=0.18 and 0.68 V that leads to different tCo 

dependent variations of the shape and interface anisotropy. 
In this respect, our model could also be applied to UHV 
grown films where "3D" islands formed in the first growth 
stage.20 
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An hep metastable phase of Ni80Fe2o( 1100) structure has been grown as high-quality epitaxial films 
on Co(1100) and Cr(211) planes. The epilayers of Ni80Fe2o grow as hep structure up to a critical 
thickness of ~100Ä, and the further layers transform to twinned fee structure. Magneto-optical 
Kerr effect study indicates that the hep Ni80Fe2o( 1100) layers exhibit strong crystalline induced 
uniaxial magnetic anisotropy with easy axis along the hcp[0001] direction. The subsequent fee 
Ni80Fe2o layers show decreasing coercive fields as the film thickness increased. For the thick fee 
film, interestingly, the magnetic easy axis shifts 90° with respect to that of the underlying hep layers. 
The result is explained by the shape anisotropy effect due to the formation of quasi-ID columnar 
islands directed perpendicular to the hcp[0001] direction. © 1998 American Institute of Physics. 
[S0021 -8979(98)53711 -5] 

Surface magnetism has attracted much attention in re- 
cent years because of fundamental research and advanced 
technological applications. The orientation of magnetization 
for a ferromagnetic thin film can often be determined by the 
competition between magnetocrystalline anisotropy, shape 
anisotropy, and surface or interface anisotropy, etc.1 There 
has also been an increasing interest in understanding the re- 
lationship between the magnetic anisotropies and the crystal 
structures. It has been demonstrated that the crystal structure 
and magnetic anisotropy (MA) of the magnetic thin films 
may depend strongly on the underlying substrates or buffer 
layers.2,3 

In a previous work, the authors reported the magnetic 
properties of Co/Cr films and multilayers.4"7 In this investi- 
gation we study the novel fabrication and structural transfor- 

mation (hep to fee) of metastable hep Ni80Fe20( 1100) films 
grown on Co(1100) and Cr(211). We demonstrate here the 
control of crystal structure and MA of Ni80Fe20 films by 
selecting suitable buffer layers and by varying the film thick- 
ness. Presently, we assess the degree to which any of the 
results is predictable. 

The crystal growth was carried out in a vacuum product 
made molecular beam epitaxial (MBE) chamber equipped 
with four e-beam sources. This MBE chamber allowed 
sample transfer under ultrahigh vacuum (UHV) condition to 
an analysis chamber for morphological and magnetic charac- 
terizations by AFM and MOKE. Details of the MBE cham- 
ber in which epitaxial growth and surface characterization 
took place were described elsewhere.8 The Co(1100) was 
prepared on Cr(211)/Mo(211) seeding layers using epitaxial 

grade Al2O3(1100) or MgO(llO) substrates4-7 The initial 
Mo(211) and Cr(211) buffer layers of —100 Ä were grown 
at 900 and 350 °C, respectively, followed by Co(lT00) layers 

~ 100 Ä thick at 300-350 °C. The hep Ni80Fe20( 1 fOO) films 

"'Electronic mail: jcahuang@mail.ncku.edu.tw 

were grown on the fresh Co(1100) [or directly on Cr(211)] 
plane at the optimal growth temperatures which ranged from 
100 to 300 °C. 

The crystal structure and quality were characterized by 
reflection high energy electron diffraction (RHEED) and x- 
ray diffraction (XRD). The correlation between the structural 
and magnetic properties was investigated by magneto-optical 
Kerr effect (MOKE) technique. Longitudinal (LMOKE) and 
polar (PMOKE) configurations of MOKE were employed to 
determine the in-plane and out-of-plane magnetization loops 
of the samples. Note that the penetration depth5 of the 
He-Ne laser for the MOKE experiment is about 150 Ä, sur- 
face layers can be conveniently probed by MOKE during 
epitaxial growth. 

By RHEED and XRD studies we have determined the 
following orientation relations: 
Ni80Fe2(L(21 l)||Ni80Fe20(lT00)[IICo(ll00)]IICr(21 l)||Mo(211)11 
Al2O3(1100); 
Ni80Fe20[01 l]IINi80Fe20[l 120](IICo[l 120])IICr[T 1 l]||Mo[l 11]|| 
Al2O3[0001]; 
Ni80Fe20[111 ]HNi80Fe20[0001 ](IICo[0001 ])IICr[011 ]||Mo[0! 1 ]ll 
Al2O3[1120]. 

The crystal structure and magnetic property of Co(1100) on 
Cr(211) had been described elsewhere 4~~7 Schematic dia- 
grams of the epitaxial relations and lattice geometry between 
hep Ni80Fe20(l 100) and fee Ni80Fe20(211) are provided in 
Fig. 1. 

On the Co(1100) surface, RHEED studies show that hep 
Ni80Fe20( 1100) film can be stabilized up to a critical thick- 
ness (tc) of ~ 100 A, and the further epilayers transform to 
fee structure, as_shown in Figs. 2(b)-2(d). The RHEED im- 
age of the Co(1100) plane is shown in Fig. 2(a) for compari- 
son. Detailed RHEED measurements (for all principle azi- 
muths) indicate that the hep Ni80Fe20( 1 f00) and Co(lT00) 
films possess much alike crystal symmetry and lattice param- 
eters. With increasing fee Ni80Fe20 layer thickness to about 
500 A, the RHEED patterns remained almost unchanged for 
the beam directed along the Ni80Fe20[lll] azimuth. How- 

0021 -8979/98/83(11 )/7046/3/$15.00 7046 © 1998 American Institute of Physics 
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FIG. 1. Schematic diagrams showing the epitaxial relations, lattice geom- 
etry, and the stacking sequence for both hcp(HOO) and subsequent fcc(211) 
layers (after phase transformation) along the close-packed direction. A twin 
boundary in fee layers is shown as a consequence of stacking fault. 
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FIG. 3. Tilt (h,k,l) x-ray diffraction spectra scanned from h= — 2.5 to h 

= 2.5 [k = 0, / = (1100)] for Ni80Fe20(Py) films grown on Cr(211) seed lay- 
ers: (a) Py= 100 Ä and (b) Py= 1000 Ä. 

ever, for the beam directed along the Ni80Fe2o[011] azimuth 
the RHEED pattern developed into two sets of angled streaks 
[shown in Fig. 2(f)], indicating the faceting growth of 
twinned {111} planes (indexed as {111}« and {111}^ in Fig. 
1). Accordingly, the surface morphology changed from the 
isotropiclike characteristic into a clear quasi-ID feature with 
columns quite uniformly directed along the fcc[011], as dis- 
played in Figs. 4(a) and 4(b), respectively. The growth of the 
twinned fccjlll} plane is more favorable than that of (211) 
surface owing to the reduction of surface energy. Note that 
the angle of the RHEED streaks is consistent with a {111} 
facet of a (211) surface. 

Note that hep Ni80Fe2o( 1100) films can also be stabi- 
lized up to -100Ä on Cr(211) plane. Tilt XRD scans on 
100 Ä Ni80Fe20 on Cr(211) samples [Fig. 3(a)] reveal that the 
lattice spacings of hep Ni80Fe2o are a = 2.50 A, c = 4.07 A, 
very close to those of the hep Co (a = 2.51 A, c = 4.07 A) 
and those for the unit cell of Cr(211) plane (2.49 A 
X4.07 A). The growth of metastable hep Ni80Fe20 could be 

FIG. 2. RHEED patterns for (a) 100 A Co(1100), and the subsequent 
Ni80Fe20 layers of (b) 50 Ä, (c) 100 Ä, (d) 150 Ä, (e) 200 Ä, and (f) 500 Ä 
thick. The RHEED beam was directed parallel to the Co[1120] 

(IINi8OFe20[1120]IINi80Fe2O[0Tl]) azimuth. 

due to the smallness of the energy difference between the fee 
and hep phases for most 3d transition metals.9 In addition, 
we point out that similar phase transformation process was 
also observed in Ni80Fe20 films grown on Cr(211), though 
the growth of twinned {111} planes occurred at higher thick- 
ness of —700 A due to the surface roughness of the Cr(211). 
The twinned fcc(211) structure for thick Ni80Fe20 layers was 
confirmed by the tilt XRD spectrum shown in Fig. 3(b). 
These results suggest a general pathway for structure and 
morphology transformations from hcp(llOO) to fcc(211). It 
is noted that Harp10 et al. reported a fee—>hcp phase transi- 
tion mechanism in Co where transformation occurs by the 
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FIG. 4. The AFM image of (a) 100 Ä and (b) 500 Ä thick Ni80Fe20 layers 
grown on Co(1100), the columnar direction of the quasi-ID-like islands in 
(b) is determined as parallel to fee Ni80Fe20[011]. 
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FIG. 5. The angular dependent LMOKE hysteresis loops for (a) 100 Ä 
Co(lT00) and the subsequent Ni80Fe20 layers of (b) 100 Ä and _(c) 
500 Ä thick. The applied magnetic field is along Co[1120] 

(llhcpNi80Fe2o[l 120]llfccNi80Fe2o[011]) direction for 90° azimuth, and along 
Co[0001] (IINi80Fe20[0001]IINi80Fe20[ni]) direction for 0° azimuth. 

slipping of {111} planes along a (112) direction, which is 
essentially a reverse process of the case discussed here. 

Figures 5(a)-5(b) display the angular dependent 
LMOKE hysteresis loops of 100 Ä Co (1100) and subse- 
quent 100 Ä Ni80Fe20( 1100) (hep), respectively. Both mag- 
netic layers are difficult to be magnetized along the out-of- 
plane directions because no PMOKE signal was observed. 
LMOKE measurements show that the hep Ni80Fe2o layers 
exhibit uniaxial MA with large coercive field (//c>80Oe) 
and easy axis along the hcp[0001], much like the underlying 
hep Co layers because large coercive fields and MA con- 
stants (Ä^i — lO5 ergs/cm3) were measured in hep Ni80Fe20 

on Cr(211).n Thus we believe that the strong MA in hep 
Ni80Fe20 layers [on Co(1100)] could be partly resulted from 
the magnetocrystalline effect in additional to the exchange 
coupling effect to the underlying Co layers. 

With increasing the Ni80Fe20 layer thickness above 100 
Ä, the Hc gradually decreases to —20-25 Oe though 
the direction of the easy axis remains unchanged 
(llfcc[lll]llhcp_[0001]). Interestingly, the magnetic easy axis 
shifts to fcc[011] (perpendicular to fcc[lll] and hcp[0001]) 
for Nig0Fe20 layers of about 500 Ä thick, as shown in Fig. 
5(c). Note that the shift of the magnetic easy axis in the thick 
fee layers coincides with the faceting growth of {111} twins 
[see Fig. 2(f)] and the formation of quasi-ID-like columnar 
structure [Fig. 4(b)]. Therefore, we believe that the change of 
magnetic easy axis in the thick fee Ni80Fe20 layers are in- 
duced by the strong shape anisotropy effect. 

The authors are grateful for the financial support by the 
ROC NSC under Grant Nos. 87-2112-M-006-014 and 87- 
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The transport and magnetic properties of magnetite (Fe304) thin films grown epitaxially on single 
crystal MgO(lOO) and SrTiO3(100) substrates, and with multiple grain orientations on 
polycrystalline SrTi03 substrates, have been investigated. The films are grown using pulsed laser 
deposition and their epitaxial quality determined using ion channeling measurements. Transport and 
magnetic studies of Fe304 films as a function of thickness and morphology suggest that epitaxial 
strain and growth defects affect the width and temperature of the Verwey transition. In addition, 
these factors also significantly influence the magnetic coercivity of the films. The low-field 
magnetoresistance (MR) behaviors of epitaxial and polycrystalline films as a function of 
temperature have been compared and they were found to be quite similar, suggesting very small 
contribution to the MR from grain boundaries. © 1998 American Institute of Physics. 
[S0021-8979(98)17911-2] 

I. INTRODUCTION 
Magnetite (Fe304) has the so-called cubic inverse spinel 

structure in which the Fe cations occupy interstices of a face- 
centered-cubic (fee) close packed frame of oxygen ions. The 
eight tetrahedral (A) sites are solely occupied by Fe3+, while 
the 16 octahedral (B) sites are equally shared by Fe3+ and 
Fe2+ ions. Rapid hopping, of electrons between Fe2+ and 
Fe3+ ions in the B sites results in good room-temperature 
conductivity. Upon cooling, bulk Fe304 undergoes a metal- 
insulator transition (Verwey transition) at a temperature Tv 

~ 120 K, where the electron hopping is frozen and the con- 
ductivity decreases by about two orders of magnitude.1 Al- 
though it is generally accepted that the transition is due to the 
ordering of the Fe3+ and Fe2+ ions,1'2 the mechanism gov- 
erning the transport and magnetic properties of this material 
above and below the transition is not yet well understood. 

A number of differences has been observed in the trans- 
port and magnetic properties of thin films as compared to 
bulk magnetite. In particular, the Verwey transition is broad- 
ened and shifted to lower temperatures in the case of the 
former. This has been ascribed to the interaction between the 
film and the substrate, resulting in stress and rigid structural 
coupling of the film.3'4 Differences in the saturation magne- 
tization and coercivity of thin films and bulk samples have 
also been reported.5'6 In this work, we have determined the 
crystallinity of Fe304 films grown on different substrates us- 
ing ion channeling, and subsequently studied their 
temperature-dependent transport, magnetic, and magnetore- 
sistance properties as a function of film thickness and mor- 
phology. 

II. EXPERIMENT 
The magnetite films have been grown on (100)-oriented 

MgO and SrTi03 single crystals and on polycrystalline 
SrTi03 substrates using the pulsed laser deposition tech- 
nique. The polycrystalline SrTi03 substrates, with 3 /mi av- 
erage grain size, are obtained by cutting and optically pol- 
ishing sintered pellets (97%-98% density) of the material.7 

The Fe304 target used for the ablation has been prepared by 
a standard solid-state reaction method. A focused KrF exci- 
mer laser (248 nm) beam has been used for ablation, with a 
repetition rate of 4 Hz and fluence of ~2-3 J/cm2 at the 
target. Prior to deposition, the substrates are heated to 750 °C 
and the surface cleaned using a 100 eV Ar ion beam. The 
films are then grown at a temperature of 350 °C in vacuum 
(~ 10~6 Torr). Following growth, the films are cooled down 
to room temperature at a rate of 15 °C/min. Some of the 
films have also been deposited using a frequency-tripled 
Nd:YAG laser (355 nm) and have been found to exhibit very 
similar transport and magnetic properties to those grown us- 
ing the KrF laser.6 The film thicknesses, after deposition, 
have been determined using Rutherford backscattering spec- 
troscopy (RBS). The standard four-probe dc method has 
been used for the resistivity measurements, while the mag- 
netic measurements have been carried out using a supercon- 
ducting quantum interference device (SQUID) magnetome- 
ter. 

III. RESULTS AND DISCUSSION 
We have investigated the crystalline quality of the Fe304 

films grown on single crystal MgO and SrTi03 substrates by 
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FIG. 1. Rutherford backscattering spectrum showing counts vs backscatter- 

ing energy for both channeling and random 2.3 MeV 4He+ ions backscat- 

tered from a Fe304 film on a MgO(100) substrate. 

ion channeling spectroscopy. Figure 1 shows the (100) 
aligned and random RBS spectra (2.3 MeV 4He+ ions) for a 
Fe304 film on MgO(100). The ratio (xmin) of the backscat- 
tered yield along (100) to that in a random direction is 6.0%. 
Previous transmission electron microscopy measurements of 
Fe304 films grown on MgO(100) have also confirmed epi- 
taxial growth of the film, with the (100) and (010) axes 
aligned with the respective cubic axes of the substrate.6 For 
the film grown on the SrTi03( 100) substrate, x^ has been 
measured to be 17.4%, suggesting that it has a lower crys- 
talline quality than the film grown on MgO. 

Figure 2 displays the resistance (R) as a function of 
temperature for Fe304 films grown on MgO(100) substrates 
with different thicknesses. Overall, the films exhibit a broad- 
ened Verwey transition as compared to measurements re- 
ported for bulk samples. The transition is the sharpest for the 
6600 Ä thick film, with a transition temperature (Tv) of 
about 121 K. This is determined from the maximum in the 
slope of the Arrhenius plot for thermally activated hopping 
transport [ln(R/T) vs l/T]. The resistance change at the tran- 
sition decreases in magnitude and the transition gets broader 
with decreasing film thickness, and is not noticeable for the 
thinnest films. The transition temperature, as determined 
from the Arrhenius plot, is plotted as a function of film thick- 
ness and shown as an inset in Fig. 2. Tv increases quite 
rapidly with the initial increase in film thickness and then 
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FIG. 2. Resistance as a function of temperature for Fe304 films with differ- 

ent thicknesses. The Verwey transition temperature (Tv) determined from 
Arrhenius plots as a function of film thickness is shown in the inset. 

104 

103 

102   ■ 

101 

10° 

10-' 

io-2 

     Fe304on MgO (100) 

 Fe3O4onSrTiO3(100) 

Fej04 on poly-SrTi03 

50 100 300 350 150       200       250 

Temperature (K) 

FIG. 3. Resistivity as a function of temperature for —850 A thick Fe304 

films grown on MgO(lOO), SrTiO3(100), and polycrystalline (3 fim average 

grain size) substrates. 

gradually levels off at a value close to the bulk. The broad- 
ening and reduction in Tv for the thinner films is possibly 
caused by the residual strain in the films resulting from the 
lattice mismatch with the substrate. The growth of Fe304, 
which has a slightly smaller lattice parameter than that of the 
MgO substrate, results in an in-plane expansion of the Fe304 

lattice accompanied by Poisson compression in the perpen- 
dicular direction. A similar behavior has been observed in 
Fe304 films grown by molecular beam epitaty (MBE) and 
reactive sputter deposition.4'5 Besides substrate-induced 
stress, Van De Veerdonk et al. have suggested that the rigid 
structural coupling between the magnetite film and the cubic 
lattice of the substrate also suppresses the orthorhombic de- 
formation accompanying the Verwey transition leading to a 
depressed Tv .4 

We have also investigated the influence of film morphol- 
ogy on the resistivity behavior of Fe304. For this purpose, 
we have compared the transport and magnetic properties of 
—850 Ä thick film of Fe304 grown on (lOO)-oriented MgO 
and SrTi03 single crystals and on polycrystalline SrTi03 

substrates. The resistivity (p) as a function of temperature for 
the three films is plotted in Fig. 3. It is interesting to note that 
the value of p is comparable over the measured temperature 
range for the three films. Nonetheless, the epitaxial film on 
MgO exhibits the sharpest transition, although with a Tv 

lower than those for the epitaxial and polycrystalline films 
grown on SrTi03. The higher Tv for the films on SrTi03 can 
be understood based on the lattice mismatch between the 
film and the substrate. Because of the close lattice match 
between Fe304 and MgO (lattice mismatch, ?7=3.3X 10~3), 
the film grows coherently until a critical thickness (tc) is 
reached. Based on the shear modulus and elastic modulus, 
Van De Veerdonk et al. have estimated tc to be about 200 Ä 
for film growth on MgO.4 Above tc, the growth becomes 
incoherent, with partial or complete relaxation of the strain 
by formation of misfit dislocations. The lattice mismatch is 
significantly larger (77= -70X 10~3) for growth on SrTi03, 
resulting in incoherent growth without any strain for any film 
thickness. The lower Tv for growth on MgO could be inter- 
preted as resulting from some residual strain in the film, even 
when it is above the critical thickness. Although the films on 
SrTi03 are unstrained and have higher T0, the higher con- 
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FIG. 4. Magnetization hysteresis loops at 300 K for the three films whose 
resistivity plots are shown in Fig. 3. 

centration of defects in the films results in a broadened tran- 
sition, particularly for the polycrystalline film. 

Figure 4 plots the in-plane magnetic hysteresis loops 
measured at room temperature for the three films discussed 
above. The field is applied along the (100) direction for the 
films on single crystal substrates. It is interesting to note that 
the film on SrTiO3(100) exhibits a higher coercivity (Hc) 
than the film on MgO(100). The polycrystalline film has 
even higher Hc and displays a much more gradual and 
rounded hysteresis loop than the epitaxial films. This would 
be expected for the average of a random orientation of 
grains. We speculate that the higher Hc of the films on 
SrTi03 as compared to MgO is related to the absence of 
strain in the case of the former. 

We finally briefly discuss the low-field magnetoresis- 
tance (MR) properties of the epitaxial Fe304 film grown on 
MgO and the polycrystalline film grown on the polycrystal- 
line SrTi03 substrate. Figure 5 shows the MR ratio at 1500 
Oe as a function of temperature for the two films. The resis- 
tance hysteresis loop for the polycrystalline film at 123 K is 
shown as an inset. The MR ratio is defined according to 
AR/R = (Rp — Rl5O0)/Rl5O0, where Rp is the peak resistance 
which occurs at the coercive field, and R1500 is the resistance 
at 1500 Oe. The MR behavior for the two films is quite 
similar, with a peak occurring close to Tv, as has also been 
previously observed.6'8 Consistent with the transport and 
magnetic data, the MR peak occurs at a slightly higher tem- 
perature and is somewhat broader for the polycrystalline film 
on SrTi03 than for the epitaxial film on MgO. Interestingly, 
there is very small MR associated with the grain boundaries 
in the polycrystalline film. This is unlike the behavior of 
manganite films, where a relatively large low-field MR has 
been observed below the Curie temperature.7 The low-field 
MR in the manganites has been attributed to spin-dependent 
transport of polarized electrons at the grain boundaries which 
serve as pinning centers for the magnetic domain walls. A 
similar behavior would have been expected for Fe304 based 
on the half-metallic behavior of its conduction electrons. 
However, unlike manganites, the grain boundary resistance 
in Fe304 is quite insignificant as evidenced from Fig. 3, 
thereby possibly resulting in a stronger coupling between the 
grains. Additional work is needed to further clarify the role 
of grain boundaries in the MR behavior of Fe304 and other 
half-metallic systems. 
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FIG. 5. Magnetoresistance at H= 1500 Oe as a function of temperature for 
a polycrystalline (850 Ä thick) and an epitaxial (1500 Ä thick) Fe304 film. 
The resistance hysteresis as a function of magnetic field for the polycrystal- 
line film at 123 K is shown in the inset. 

IV. SUMMARY 

In summary, we have measured the crystallinity of 
Fe304 films grown on (lOO)-oriented MgO and SrTi03 sub- 
strates using ion channeling spectroscopy. The results show 
that the films grow epitaxially on both substrates, with those 
grown on MgO exhibiting better crystallinity because of the 
smaller lattice mismatch. Polycrystalline films with multiple 
grain orientations have also been grown on intentionally fab- 
ricated polycrystalline SrTi03 substrates. The Verwey tran- 
sition and the magnetic coercivity are strongly influenced by 
the thickness and morphology of the films, which we prima- 
rily attribute to the residual strain in the films. The low-field 
magnetoresistance behavior of the epitaxial and polycrystal- 
line films has also been studied, and the MR magnitude has 
been found to be quite small (~2%-3% at 1500 Oe) for both 
the films, with very little contribution resulting from grain 
boundary transport. 
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Observation of spin-dependent transport and large magnetoresistance 
in La07Sr03MnO3/SrTiO3/La0.7Sr0.3MnO3 ramp-edge junctions 

C. Kwon,a) Q. X. Jia, Y. Fan, M. F. Hundley, and D. W. Reagor 
Materials Science and Technology Division, Mail Stop K763, Los Alamos National Laboratory, 
Los Alamos, New Mexico 87545 

We have fabricated ferromagnet-insulator-ferromagnet junctions using a ramp-edge geometry based 
on (La0 7Sr0 3)Mn03 ferromagnetic electrodes and a SrTi03 insulator. Pulsed laser deposition was 
used to deposit the multilayer thin films and the devices were patterned using photolithography and 
ion milling. As expected from the spin-dependent tunneling, the junction magnetoresistance is 
dependent on the relative orientation of the magnetization in the electrodes. A junction 
magnetoresistance (JMR) as large as 30% is observed at low temperatures and low fields. In 
addition, we have found that JMR is reduced at high temperatures (r>100K) and decreases 
monotonically with increasing field at high fields (0.5 T<//<1 T). Possible causes for these are 
also discussed.   © 1998 American Institute of Physics. [S0021-8979(98)20411-7] 

There has been a great deal of interest in magnetic tunnel 
junctions based on conventional ferromagnetic metals due to 
the large junction magnetoresistance (JMR) observed at 
room temperature.1 Due to the uneven spin distribution of 
conduction electrons at the Fermi level in the ferromagnets, 
one can expect tunneling probability to be dependent on the 
relative magnetization orientation of the ferromagnet elec- 
trodes. By assuming that spin is conserved in the tunneling 
process and tunneling current is dependent on the density of 
states at Fermi level of two electrodes, Jullier showed the 
maximum change in the tunneling resistance (A/?) as2 

LRIRA = {RA-Rp)IRA = 2P,P2l{\+PxP2), 

where RA and Rp are the junction resistances when the mag- 
netizations are antiparallel and parallel, respectively, and P x 

and P2 are the spin polarizations of the two electrodes. 
Recently, doped manganites, (R0 7M0 3)Mn03 where R is 

a rare earth element such as La, Pr, and Nd, and M is a 
divalent element such as Ba, Sr, and Ca, have been rediscov- 
ered due to the large magnetoresistance near the metal- 
insulator transition temperature.3 One of the most intriguing 
facts of the doped manganites is the half-metallic nature pre- 
dicted by the strong Hund's coupling and a relatively narrow 
carrier conduction band.4 A half-metallic ferromagnet has 
100% spin polarization for conduction electrons, and thus it 
offers potential as a ferromagnetic metal electrode in devices 
based on spin-dependent transport effects. Hence, compared 
to the tunneling junctions based on the conventional ferro- 
magnetic metal electrodes, MR in the tunneling junctions 
made of the manganites is expected to be larger. Sun et al. 
have demonstrated the existence of large magnetoresistance 
at low fields and low temperatures in the trilayer sandwich 
junctions using doped manganites.5 

We report on the fabrication and characterization of 
ramp-edge ferromagnet-insulator-ferromagnet junction de- 
vices using (La07Sr03)MnO3 (LSMO) and SrTi03 (STO) as 

"'Electronic mail: chuhee@lanl.gov 

the ferromagnet and insulator layers, respectively. A large 
junction magnetoresistance (JMR=[(Rj(H)-Rj(l000 
Oe))//?,(1000 Oe)]) of 30% is obtained at low temperatures 
in fields of 200 Oe. The junction magnetoresistance is ob- 
served to be dependent on the relative orientation of the 
magnetization in the electrodes as expected from the spin- 
dependent tunneling. Various possibilities to affect the de- 
vice performance are discussed such as the changes in the 
magnetization process and the reduction of the spin polariz- 
ability in the electrodes. 

A schematic diagram of a ramp-edge junction device 
structure is shown in Fig. 1. At first, a multilayer including a 
buffer layer (STO), a bottom electrode (LSMO), and a thick 
insulation layer (STO) was deposited in situ on LaA103 sub- 
strate using pulsed laser deposition (PLD). The oxygen back- 
ground pressure was 400 mTorr and the heater block tem- 
perature was 700 °C. The device was defined using 
conventional photolithography and the ramp edge was cre- 
ated by ion milling with Ar ions. The ramp-angle measured 
using atomic force microscope (AFM) after the Ar ion mill- 
ing was 12°-14°. After removing the photoresist, a thin in- 
sulating barrier of STO and a top electrode of LSMO were 
deposited in situ under 400 mTorr oxygen and at 700 °C. 
The insulating barrier and the top electrode were patterned to 
form a junction and counter electrode as shown in Fig. 1. 
Finally, gold was sputtered for contact pads. The thicknesses 
of top and bottom electrodes are 900 and 1100 Ä. The thick- 
ness of the insulating STO barrier is about 10-20 Ä. The 
junction width is determined by the tap width as shown in 
Fig. 1(a) which was 5 /jm. A detailed description of the 
ramp-edge device fabrication process can be found in an ear- 
lier publication.6 

As-grown LSMO films under the above growth condi- 
tions have a Curie temperature, Tc, of 350 K and a metal- 
to-metal transition at the same temperature (LSMO has a 
paramagnetic metal-to-ferromagnetic metal transition near 
Tc.

7 The resistive transitions of both top and bottom LSMO 
electrodes were measured after the device fabrication process 
and showed the same temperature dependence, suggesting 
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FIG. 1. Schematic diagram of a ramp-edge LSMO/STO/LSMO junction 
device, (a) Top view, (b) cross section of the junction area. 

minimal damage from the patterning process. The JMR was 
measured with a four-terminal ac resistance bridge and a dc 
current source in fields up to ± 1 T in the temperature range 
of 16-300 K. The current was flowing across the insulating 
barrier layer similar to the current-perpendicular-to-plane 
(CPP) geometry in a trilayer sandwich junction.5 The mag- 
netic field was applied in the plane either parallel or perpen- 
dicular to the current. No significant difference was observed 
in the field dependence of JMR. Also these junctions with- 
stood temperature cycling and were stable in the ambient 
conditions. 

The field dependent junction resistance, Rj(H), and 
JMR, ARj/Rj(1000Oe) of a device at 15.7 K is shown in 
Fig. 2. JMR values as large as 30% are observed at low fields 
(between 180 and 220 Oe). The shape of JMR versus field is 
similar to that of metal-electrode-based tunnel junctions.1 At 
high fields, the junction resistance is low because the mag- 
netization in both electrodes is parallel. When H is between 
the coercive fields of the top and bottom electrodes (i.e., the 
electrode magnetization vectors are antiparallel), the junction 
resistance reaches a maximum value. Generally the JMR in- 

a 

FIG. 2. The junction resistance and magnetoresistance of the ramp-edge 
junction taken at 15.7 K. JMR is defined by [(Rj(H)-Rj(lOOO 
Oe)/Ä,(1000Oe)]. The arrows indicate the direction of magnetic field 
sweep. 

-0.1 -0.05 0 

V(V) 

0.05 0.1 

FIG. 3. I-V characteristics of a junction at T=16.1 K with #=5000 (dot- 
ted line) and 200 Oe (solid line). 

creases nearly linearly with decreasing temperature and satu- 
rates at values as large as 30% below 100 K. Large JMR 
(> 10%) was observed in junctions with Rj ranging from 5 
to 200 m 

The current-voltage (/- V) characteristics of a different 
junction measured at 16.1 K in # = 5000 (dotted line) and 
200 Oe (solid line) are depicted in Fig. 3. As seen from Fig. 
2, the magnetization in the electrodes is parallel (antiparallel) 
at #=5000 Oe (200 Oe). At small bias voltages (±0.1 V), 
the /- V characteristics show a linear behavior as expected 
for the tunneling junction with a high energy barrier.1'8 Since 
polycrystalline films9 and powder samples4 have the field 
dependent MR similar to Fig. 2 and linear I-V, there is a 
question whether these characteristics in the ramp-edge junc- 
tions are originated not from spin-dependent tunneling but 
from the granularity in electrodes. In some devices with a 
poor quality insulator barrier where the transport through 
microshorts is dominating, we observed a small JMR 
(< 1 %; similar to MR from epitaxial films) at low tempera- 
tures indicating the lack of polycrystalline and grain bound- 
ary effects across electrodes. This result establishes that the 
large JMR is from spin-dependent tunnelinglike transports. 
Unlike the conventional spin-dependent tunneling devices,1 

JMR in the ramp-edge devices does not depend on the dc 
bias voltage up to the measured range. 

The high field JMR, ARJ(H)/RJ(1T), at room tempera- 
ture (solid line) and 20 K (dotted line) for a ramp-edge junc- 
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FIG. 4. The high field JMR, ARj/Rj(lT), at room temperature (solid line) 
and 20 K (dotted line). 
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tion are presented in Fig. 4. As expected, the low field MR 
has a maximum in both cases suggesting that the spin- 
dependent tunneling can be observed even at room tempera- 
ture. However, there are two questions arising from the re- 
sults: (1) Why does Rj not saturate, but rather continues to 
decrease with increasing field up to ± 1 T; and (2) why is the 
JMR at room temperature so small compared with that at low 
temperature, even though the spin polarizability in LSMO 
changes less than 30% if estimated from the bulk 
magnetization?7 The similar results have been reported in the 
sandwich tunnel junctions5 and grain boundary devices10 us- 
ing the doped manganites. The second question is especially 
important for device applications. 

The value and the field dependence of JMR strongly 
depend on the magnetization process and the spin polariz- 
ability of the electrodes particularly near the junction. Even 
though the doped manganites do not have strong crystalline 
and magnetic anisotropies as a single crystal, magnetic 
anisotropies induced by the epitaxial growth and the film 
thickness11'12 have been observed in LSMO thin films. Do- 
main pinning due to defects at the interfaces can also hamper 
the magnetization process. The magnetic anisotropy and do- 
main pinning increase the field required to reach the satura- 
tion magnetization, hence, affecting JMR and its field depen- 
dence. There was a report on the reduced spin polarizability 
at the surface of a LSMO film,13 which can significantly 
reduce JMR at high temperatures. Also the surface degrada- 
tion during the patterning process using ion milling can re- 
duce the spin polarizability at the junction electrodes. The 
defect mediated scattering in the insulator and at the inter- 
faces is another possible reason to reduce JMR. 

In summary, we have successfully fabricated LSMO/ 
STO/LSMO junction devices using a ramp-edge geometry. 
A junction magnetoresistance of 30% in fields around 200 
Oe was observed at T= 15.7 K. A linear I-V characteristic 
has been observed at low bias (±0.1 V) and JMR does not 

depend on the junction bias up to 0.1 V. The reduced JMR at 
high temperature and the field dependence of JMR at high 
fields can be caused by the magnetization process and the 
reduced spin polarizability at the junction electrodes. 

We would like to thank Dr. M. E. Hawley for AFM 
support and Dr. Y. Gim for critical reading of the manu- 
script. This work was performed under the auspices of the 
United States Department of Energy. 
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Grain boundary effects on transport in metalorganic chemical vapor 
deposition-grown, Ca-doped lanthanum manganites 

J. J. Heremans, S. Watts, S. Wirth, X. Yu, E. S. Gillman, 
K. H. Dahmen, and S. von Molnar3' 
MARTECH, Florida State University, Tallahassee, Florida 32306-4000 

The transport properties of metalorganic chemical vapor deposited films of lanthanum manganite 
grown on various substrates are investigated. The more disordered films show a magnetoresistance 
that is both large and relatively temperature independent over a wide temperature range. At low 
magnetic fields, a linear field dependence is observed and is attributed to spin-polarized intergrain 
tunneling. In addition, at low fields a hysteretic dependence of resistivity on the magnetic field has 
been observed. This effect has been attributed to the scattering of spin-polarized carriers at the grain 
boundary.   © 1998 American Institute of Physics. [S0021-8979(98)18011-8] 

INTRODUCTION 

Because of their large magnetoresistance (MR), doped 
perovskite manganites show promise for magnetoresistive 
sensor applications. However, for a single crystal sample, the 
resistivity and MR are strongly temperature dependent, peak- 
ing sharply near the Curie temperature Tc, and the sensitiv- 
ity to low fields remains small.1 These characteristics limit 
the usefulness of the materials for technical applications. Yet 
in some recent experiments2"6 it has been shown that the 
existence of grain boundaries can drastically alter the tem- 
perature and low field behavior. 

Our own efforts have focused on controlling the crystal- 
lite alignment (or texture) of the films via the choice of sub- 
strate; large lattice mismatches and other interface effects 
between the film and the substrate can lead to varying de- 
grees of disorder in crystallite alignment. In this article, the 
temperature dependence and low field transport properties 
are examined for two highly disordered (low texture) 
Lao 59Cao 41Mn03 films grown by liquid delivery metalor- 
ganic chemical vapor deposition (LD-MOCVD) on single 
crystal sapphire (SAP) and yttrium-stabilized zirconia (YSZ) 
substrates. Throughout, a comparison is drawn with a highly 
textured film of the same composition grown on LaA103 

(LAO). 

EXPERIMENT 

Details on the fabrication of the films by LD-MOCVD 
are reported elsewhere.7 The samples were not postannealed. 
The average orientation of the crystallites within the film was 
characterized with pole figures. 

Van der Pauw8 transport measurements were performed 
in an ac four-probe configuration at magnetic fields up to 60 
kOe. The three samples were mounted with the conducting 
plane parallel to the field (there is no demagnetization field 
in this configuration) and always measured simultaneously 
with a current of 0.1-1 //A. For large field sweeps, the rate 
was 2 kOe/min in both directions while for low field sweeps 
the rate was 200 Oe/min. In both cases, the measured field 

values were corrected for sweep rate errors. For low field 
sweeps, the measurements were augmented with static field 
measurements in which the field was held constant for 10-30 
min (relevant because of a time dependent hysteresis, dis- 
cussed below). 

Magnetic measurements were performed in a commer- 
cial superconducting quantum interference device (SQUID) 
magnetometer (Quantum Design). The samples were 
mounted with the film plane perpendicular to the field in 
order to measure the magnetization in emu/cm3 directly 
without requiring knowledge of the film volume. 

RESULTS 

Pole figures were used to characterize the crystallite ori- 
entation of the samples; the results are shown in Fig. 1. They 
indicate that the LAO film is highly textured; the crystallites 
are well aligned with respect to the normal of the (001) sur- 
face as well as in the plane of the surface. The YSZ and 

(100) (110) (111) 
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FIG. 1. Pole figures of the Laa59Caa41Mn03 films grown on different sub- 
strates. The crystallites of the film on the (001) oriented LAO substrate 
(bottom) are very well aligned normal to the surface as well as within the 
surface plane. The crystallites on the (001) oriented YSZ (middle) are well 
aligned with their (110) direction normal to the surface, but randomly ori- 
ented otherwise. The least texture is developed in the film on the (0001) 
oriented SAP (top), faintly resembling the sixfold symmetry of the substrate. 

0021 -8979/98/83(11 )/7055/3/$15.00 7055 © 1998 American Institute of Physics 
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FIG. 2. Zero-field resistivity vs temperature for the films grown on sapphire 
(SAP, top curve), yttrium-stabilized Zr203 (YSZ, middle curve), and 
LaA103 (LAO, lower curve). The relative change of resistivity with varying 
temperature is small for the more disordered films. 

SAP films are less textured with a preferentially oriented 
(011) surface direction. The crystallite alignment is more 
pronounced in the YSZ than in the SAP film. 

The magnetization data in an applied magnetic field of 
6500 Oe are comparable for all three samples, and reach a 
value of approximately 500 emu/cm3. This is below the 
maximum theoretical magnetization of about 570 emu/cm3. 
Magnetization versus temperature at 5 kOe (not shown) is 
similar for the three samples, as also found in Ref. 4. The 
data indicate 7C~230 K for the films. 

Figure 2 shows a plot of the logarithm of resistivity p 
versus temperature for the three films. Resistivity was calcu- 
lated assuming an average thickness of —1000 Ä for all three 
samples. The SAP and YSZ films have the same temperature 
dependence, with a difference only in magnitude. They are, 
however, quite different from the LAO film. The resistivity 
of the LAO film decreases by about two orders of magnitude 
between the temperature Tm of the resistivity peak and 50 K. 
While the SAP and YSZ films are much more resistive than 
the LAO film, they are much less sensitive to temperature, 
changing only by a factor of 3 in the same temperature 
range. The data resemble those3 for films grown on single 
crystal and polycrystalline SrTi03. 

A detailed study of the dependence of the resistivity ra- 
tio p/p(// = 0) on field and temperature is presented in Fig. 3 
(the YSZ sample is not shown, but is similar to the SAP 
sample). For T<Tm, the YSZ and SAP films behave quite 
differently than the LAO film, featuring a steep low field 
slope that, around 2 kOe, breaks to a much more gradual 
dependence, nearly linear up to 30 kOe. In similar data for 
sintered bulk materials4 such features are attributed to spin- 
polarized intergrain tunneling. Close examination of our 
LAO sample also reveals these features, but at low tempera- 
tures (at 10 and 50 K), and over a much smaller resistivity 
scale. In fact, in the LAO sample the apparent contribution 
of intergrain tunneling leads to a more pronounced magne- 
toresistance at 50 K than at 100 K. 

All three films also display a low field hysteretic resis- 
tivity peak, particularly prominent at low temperatures, as 
shown in Fig. 4 for T= 10 K. Such hysteresis was not ob- 
served in Refs. 2-4 and 9. It has been demonstrated,5,6 how- 
ever, that a low field hysteresis is a hallmark of grain bound- 
ary magnetoresistance caused by scattering of spin-polarized 
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FIG. 3. Resistivity ratio p/p(H = 0) vs magnetic field H (parallel to the film 
plane) for various temperatures. Data are shown for field sweeps in both 
directions. The top panels refer to the SAP sample; the bottom panels refer 
to the LAO sample. The left panels contain data for temperatures of 10, 50, 
100, and 150 K. The right panels contain data for temperatures of 190, 230, 
and 300 K. 

carriers at the interface. We emphasize that the relative mag- 
nitude of this effect remains much smaller for the LAO 
sample than for the YSZ and SAP samples, consistent with 
their differences in texture. 

Finally, we observe a ubiquitous time-dependent hyster- 
esis evident in fields as high as 60 kOe, common to some 
degree to all of our film samples (see, e.g., the high field, low 

-6 -4 -2  0   2   4   6   8 
l ' l ' l ' I 

8-6-4-2  0   2   4   6 
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FIG. 4. The low field hysteresis in the resistivity ratio plp(H=0) vs mag- 
netic field at 10 K for the SAP (top), YSZ (middle), and LAO (bottom) 
samples. Shown are data from a 0 to -2 kOe sweep (after first sweeping to 
30 kOe and back), a 0 to 1 kOe sweep (after having continued the sweep 
from -2 to 30 kOe and then back to 0), and the return sweep to 0. Data 
were also acquired at static field points over long time periods (10-30 min) 
to verify the accuracy of the swept data. 
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temperature data in Fig. 3). This effect is clearly uncon- 
nected to the low field hysteresis (Fig. 4), which does not 
depend on time. 

CONCLUSIONS 

The substrate on which the La! -^Ca^MnC^ thin films 
are deposited strongly influences the film texture, which in 
turn has dramatic consequences on the film's magnetoresis- 
tive properties. A film grown on LAO is highly textured and 
shows many of the features observed in single crystals (such 
as resistivity and magnetoresistance sharply peaked near Tc). 
On the other hand, growths on YSZ and SAP substrates re- 
sult in much more disordered films, and both the resistivity 
and MR remain substantial over a wider temperature range. 
Furthermore, the MR of the latter films show a large, linear 
field dependence at low fields up to 2 kOe, which has been 
attributed to spin-polarized intergrain tunneling. A low field 
hysteresis is also observed due to scattering of spin-polarized 
carriers at the interface. This effect was not observed in ear- 
lier studies of films on similar substrates. 

The data show a clear correlation between transport 
properties and film texture. In other works,2"6 the transport 
properties characteristic of our disordered films have been 
attributed to grain boundary effects. These effects may be 
due to either (1) the number of grain boundaries (i.e., the size 
of the grains) or (2) the relative orientation of the grains.10 

The pole figure measurements indicate that the grains are 
misaligned, so the latter mechanism should be prominent in 
the less textured films. However, we have been unable to 

determine conclusively which of the two mechanisms con- 
tributes more to grain boundary effects in our samples. 

The above observations point to the importance of film 
morphology in developing useful magnetoresistive devices 
from the lanthanum manganites. 
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The magnetoresistance and the magnetization of ceramic L^A^MnC^ (A = Sr, Ca) oxides have 
been studied as a function of the grain size. It is found that these ceramics become magnetically 
harder when reducing the particle size exhibiting a large magnetic anisotropy that increases when 
reducing the grain size. In concomitance with this enhancement of the magnetic hardness, a gradual 
increase of the low-field magnetoresistance is also detected, signaling the relevance of the surface 
and interfaces contribution to the magnetic and transport properties. We suggest that both 
phenomena could be closely related and associated to the existence of some degree of spin disorder 
at the grain boundaries. We propose that these features are fingerprints of quenched spin disorder at 
interfaces that can be tuned through bandwidth modulation of the magnetic frustration. © 1998 
American Institute of Physics. [S0021-8979(98)29211-5] 

I. INTRODUCTION 

The huge magnetoresistance (MR) of manganese perov- 
skites (up to 107%') has a serious drawback on the need for 
large magnetic fields to obtain such large changes of the 
resistance. This fact was an important handicap since many 
of their potential applications require a good response in the 
low field regime. In this sense, the discovery of two well 
separated MR contributions in ceramic La2/3A1/3Mn03 (A 
=Ca, Sr) samples, one attributed to an intrinsic intragranular 
component and the other to a nonintrinsic intergranular 
effects,2 could be of a major importance for technological 
applications. 

Even the actual mechanism laying behind the low field 
magnetoresistive response is still obscure, two different in- 
terpretations have been given, namely, spin-polarized inter- 
grain tunnelling2 and spin-dependent scattering at the grain 
boundaries.3 It is therefore evident that, whatever the mecha- 
nism, a strong influence of the surface magnetic disorder on 
the conduction process should be expected. The relevance of 
surface spin disorder in the later mechanism is evident by 
itself. On the other hand, according to the current under- 
standing of the spin tunnelling mechanism, the MR should 
be proportional to the intergrain exchange coupling,4 that can 
be tuned by appropriate tailoring of both bulk and surface 
magnetic interactions.5-7 Therefore, reducing the particle 
size of the ceramics would imply an increase of the number 
of junctions and the low-field MR should be significantly 
enhanced. Nevertheless, since both the scattering3 and 
tunnelling4 models predict a quadratic dependence on the 
magnetization M[MR<^(M/MS)

2], it is not possible to dis- 
tinguish between them on this aspect alone. 

On the other hand, it has been shown that the degree of 
spin disorder can be controlled via the a]~x(eg) bandwidth, 
by the appropriate choice of the lanthanide6'7 or via the rela- 

a)Electronic mail: Ben.Martinez@icmab.es 

tive strength of the (F/AF) interactions by the choice of the 
alkaline earth.5 At the grain surface of a ceramic sample, 
charge carrier mobility should be severely dampened, the 
relative strength F/AF reduced, and therefore, the competi- 
tion of interactions reinforced. At the same time, charge car- 
riers in manganites are fully polarized and in a transport 
experiment, a current of carriers should travel from grain to 
grain. Thus, surface spin disorder should severely affect the 
intergrain resistivity, in a very sensitive way. In this article, 
we will explore the influence of both particle size and mag- 
netic disorder on the low field magnetoresistive response of 
ceramic manganites. 

II. EXPERIMENTAL AND RESULTS 

Ceramic samples of La2/3Sr1/3Mn03 were prepared by 
conventional solid-state techniques in oxygen atmosphere,5'6 

while La2/3-j:Y;cCa1/3Mn03 (x = 0-0.25) samples were pre- 
pared by a sol-gel method.8 The particle size effects were 
studied in a series of four samples {A-D) of La2/3Sr1/3Mn03 
with particle sizes of A<**0.5-1 fim, 5^2-5 yarn, C 
«* 10-20 fJLxn, and £> = 50-100 /mm prepared by using differ- 
ent methods (mechanical attrition and different sinterization 
temperatures) in order to control particle size.9 The influence 
of the magnetic disorder was explored in 
La2/3-xY_tCa1/3Mn03 (x = 0-0.25) samples. Magnetization 
measurements were done using a superconducting quantum 
interference device (QD) (SQUID) system up to 5 T. Trans- 
port measurements were performed, using the standard four 
probe method, on samples of about 0.5 X 1 X 5 mm3 with the 
current applied perpendicular to the magnetic field. 

In Fig. 1 we show the p(T) curves for samples A-D. 
The electrical resistivity has essentially the very same form 
and steadily increases, in all the temperature range, from 
sample D to A reflecting grain size reduction and degrada- 
tion of the grain connectivity. A sort of maximum of the 
resistivity exists at T*=> 365 K for all the samples, thus show- 
ing that the oxygen stoichiometry is essentially the same. 
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FIG.    1.    Thermal   dependence   of   the   electrical   resistivity   of   the 
La2/3Sr1/3Mn03 samples as a function of the particle size. 

As already observed in ceramic samples,2 the magne- 
toresistance (MR) of samples A-D, as a function of field, 
displays two well defined regimes.9 In the low-field regime 
extending only a few kOe, a sharp decrease is found, with 
variations of MR up to 30% at low temperatures, but de- 
creasing when T increases. On the contrary, in the high field 
regime the variation of MR is almost linear with a slope S1 

= dR(H)/dH very much smaller than for low fields. 
The low field MR may be evaluated by extrapolating 

back to H=0 the almost linear behavior of the normalized 
resistance [R(H)/R(0)] observed above 5 kOe. Subtracting 
the intercept with the y axis from 1 we have the variation of 
the MR in the low field regime, the so-called low field mag- 
netoresistance (LFMR) depicted in Fig. 2. The key point in 
this figure is that LFMR not only decreases with T but, also 
clearly depends on the particle size, becoming smaller as the 
particle size increases. It is also worth mentioning that the 
MR does not show the expected quadratic dependence on the 
magnetization at any temperature (see inset of Fig. 2). 

Our results also show that the slope S = dR{H)ldH of 
the high field linear portion of R{H) becomes progressively 
reduced when increasing the particle size.9 Thus, even the 
high field region of R(H) is affected by grain boundary ef- 
fects. Nevertheless, a significant difference does exist be- 

FIG. 2. Low-field magnetoresistance as defined in the text vs temperature as 
a function of the particle size (A = 0.5-1 fim, B = 2-5/xm, C 
= 10-20 fim, and D = 50-100/u,m.) Inset: MR vs normalized magnetiza- 
tion, the absence of the expected quadratic dependence on M/Ms is evi- 
denced. 

tween the low and the high field regimes: whereas in the first 
case, the normalized LFMR, strongly depends on the particle 
size, the high field magnetoresistance dependence is very 
smooth. 

On the other hand, the isothermal field dependence of 
the magnetization in ferromagnets can be described in terms 
of the so-called "law of approximation to saturation" 
(LAS): 

M(H) = Ms[l-a/H-b/H2] + XdH, (1) 

where Ms is the saturation magnetization, Xd isthe high field 
differential susceptibility, and a and b are fitting parameters. 
In order to get an estimate of the magnetic anisotropy energy 
in these samples we assume, in a first approximation, the 
expression of Kx for uniaxial systems: 

£, = [(105/8)^] 1/2 (2) 

The obtained values of Kx are around 107 erg/cm3. 
These values of the magnetic anisotropy are surprisingly 
large for a transition metal oxide and raises several questions 
about its origin. Nevertheless, they should be considered just 
as an upper limit for the magnetic anisotropy since, at the 
maximum field applied (55 kOe) samples may be far from 
saturation and other contributions (canting, frustration, etc.) 
may affect the values determined in this way. In any case, it 
is evident that decreasing the particles size implies an incre- 
ment of the magnetic hardness that is reflected also in the 
increase of the LFMR. Whether the origin of this hardness is 
an increase of the surface anisotropy or an increase of the 
magnetic frustration is still an open question. We think that it 
may be closely related with the existence of a magnetically 
disordered surface layer, as already observed in magnetic 
nanoparticles,10 whose contribution increases as particle size 
decreases and is specially relevant for transport experiments 
since electrons have to cross through this surface layer from 
one grain to another. 

In order to check this idea we have modified the spin 
disorder in ceramic samples of La2/3-j:Yj;Ca1/3Mn03 (x 
= 0-0.25), with essentially the same particle size, by chang- 
ing the Y content. As already mentioned in the introduction, 
the competition between F and AF interactions can be tuned 
via the a1~x(eg) bandwidth,6'7 or by the choice of the alka- 
line earth.5 

The p(H) and M{H) loops for samples with x = 0, 0.15, 
and 0.25 are shown in Fig. 3. It is found that both coercive 
fields, Hc, and anisotropy fields, Ha, increase gradually 
with x showing no other contributions to the irreversibility 
than those coming from domain rotation. Nevertheless, 
(ZFC-FC) measurements at high fields do show irreversible 
behavior below about 40 K (see Fig. 4) and, as expected, the 
irreversibility becomes broader as x increases. The existence 
of magnetic irreversibility at such high fields is attributed to 
the freezing of a part of the spin system into a metastable 
spin-glass-like state, in close similarity with what is observed 
in magnetic nanoparticles.10 

As shown in Fig. 3, the electrical resistivity displays 
strongly enhanced hysteresis as compared to the magnetiza- 
tion and it is more evident as x increases. Notice, for in- 
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FIG. 3. R(H) loops for the three samples of La2/3_^YACa|/3Mn03 as a 
function of the doping rate (JC = 0, 0.15, and 0.25). Inset: Detail of the posi- 
tive quadrant of the hysteresis loops for the same three samples. 

stance, that for x = 0.25, at 5 K, p(H) is irreversible up to 55 
kOe whereas the M(H) is closed at about 2 kOe. 

In short, irreversibility in the resistivity appears to be 
more prominent than in the magnetization. This observation 
is extremely significant because it clearly shows that even if 
a small fraction of the spins are frozen in a disordered con- 
figuration [the M(H) loops are closed], the resistivity is still 
hysteretic. The obvious explanation of this remarkable result 
is that electrical resistivity measurements sense the surface 
spin state at the grain boundaries. It is thus clear that any 
effect modifying the surface magnetization should change 
Ap. Therefore, the irreversibility in p(T,H) reveals a 
quenched surface spin disorder. It also means that the surface 
glassiness displays significant magnetoresistance. It is clear 
that in our micrometric particles, the surface spins contribu- 
tion to the magnetization should be necessarily only a minor 
fraction of the bulk magnetization. For instance, from the 
AM(10 K, 5 kOe) value one can estimate a nonmagnetic 
layer of about 10 nm, that is only of about 1% of the particle 
radius. 

R(O): 

FIG. 4. ZFC-FC curves of both magnetization and resistance for the sample 
of La2/3_JCY^Ca1/3Mn03 with x = 0.25 in a field of 40 kOe. Inset: Detail of 
the low temperature region showing the irreversibility in both M(T) and 
R(T). 

The resistivity measured after ZFC-FC processes also 
displays low-temperature hysteretic behavior and, as ex- 
pected, the FC resistivity is always lower than the ZFC one. 
In Fig. 4 we include the p(T, 50kOe) data for the x 
= 0.25 sample. We note again the more pronounced irrevers- 
ible character p(T) when compared to M(T): i.e., for x 
= 0.25, the difference in p(T) ZFC/FC is of about 20% 
while AM«3%. Therefore, the available experimental data, 
particularly the observation of open hysteresis loops p(H) up 
to fields well above (at least one order of magnitude) Ha can 
be well understood as a result of the existence of a significant 
spin disorder at the grain boundaries. The persistence of hys- 
teresis on the resistivity when magnetization loops are al- 
most reversible is a key observation which, essentially re- 
veals the surface nature of the spin disorder. This hysteresis 
is more pronounced in the Y rich samples; an effect which is 
consistent with an enhanced magnetic frustration and the 
softer interatomic magnetic coupling.6'7 The observation of 
higher coercive fields for x = 0.25 than forx = 0 (Fig. 3) also 
fits into this picture. 

III. CONCLUSION 

In summary, we have shown that the MR of ceramic 
samples displays a clear dependence on the particle size spe- 
cially in the low field regime. The magnetic behavior gives 
clues in the sense that the system becomes magnetically 
harder as particle size decreases, whether it is due to an 
increase of magnetic surface anisotropy or an increase of the 
magnetic frustration is still an open question. In this sense, 
we have shown that spin disorder seems to be increased at 
grain surface. Low-field magnetorresistance, could thus 
originate from the field suppressed magnetic disorder at the 
particle surface layer. The relevance of these observations 
for the spin polarized devices, where magnetic and electrical 
interfaces are at the heart, is thus as clear as polarization and 
can be seriously reduced. 
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We have developed a magnetic imaging scheme using the magnetoresistive spin valve head in a dc 
bias mode as a sensing element. By scanning the head in contact with the sample we obtain a 
submicron spatial resolution map of the normal component of the magnetic field in the temperature 
range 4.2-300 K. The writing element of the sensor can be used to alter the local magnetic structure 
in a controlled way. This technique was applied to image the magnetic domain structure down to 77 
K in patterned thin films of Lao 67Sr0 33Mn03, known for their colossal magnetoresistance. A 
reorientation of single or multiple domains in the films was accomplished by applying a local 
magnetic field with the writing element, while the effect on magnetotransport was monitored with 
the simultaneous measurement of current-voltage characteristics. © 1998 American Institute of 
Physics. [S0021-8979(98)27911-4] 

The drive toward high areal densities in magnetic re- 
cording has led to significant advances in developing high 
spatial resolution read/write magnetic sensors. Presently, the 
state-of-the-art sensors in the recording industry are magne- 
toresistive spin valve heads (MRSVs).1 With excellent (sub- 
micron) spatial resolution (at least in one direction) and high 
field sensitivity of nearly 30 fiV/G, these sensors deliver a 
capability beyond the magnetic storage media, for which 
they were originally designed. Integrated into a suitable 
scanning system, they offer a uniquely robust scheme to im- 
age surface magnetic fields on a submicron scale in materials 
of both scientific and technological interest. 

The past several years have witnessed growing develop- 
ment and use of a variety of magnetic imaging techniques. 
Among these techniques are magnetic force microscopy 
(MFM),2 scanning superconducting quantum interference de- 
vice (SQUID) microscopy,3 Lorentz transmission electron 
microscopy (LTEM),4 Kerr microscopy,5 scanning micro- 
Hall probe microscopy (SHPM),6 and others. All of these 
techniques record the magnetic structure at the surface of the. 
material by sensing a vertical component of the surface stray 
magnetic fields. The techniques vary in their limits of appli- 
cability. A SQUID microscope, for example, has the highest 
field sensitivity. It can resolve 10~6<E>0/Hz1/2 at a noise level 
of 4X 10~7 G/Hz1/2. However, since it uses a superconduct- 
ing device, the temperature window is limited to below the 
transition temperature Tc and the spatial resolution is at best 
a few microns, limited by its pickup loop area. MFM, on the 
other hand, has an excellent spatial resolution ( — 50 nm), 
but it requires a separate knowledge of surface topography 
and is difficult to quantify since it responds to field gradients. 
LTEM has been used to image magnetic domain boundaries 
with remarkable detail, but at a price of hardware complexity 
and cost. 

We set out to develop a simple and robust magnetic 
sensing scheme using the leading edge technology magne- 
toresistive spin valve heads—the scheme closest to the scan- 

a'Electronic mail: petrov@us.ibm.com 

ning Hall technique, but less costly and with less material 
complexity.6 The unique feature of MRSV heads—in addi- 
tion to their noninvasive "read" function—is their "write" 
capability. They can be used to locally apply a field and thus 
provides an additional tool to control and probe a local mag- 
netic environment on the surface. MR heads were used pre- 
viously to image and manipulate bits on magnetic storage 
disks7 using ac mechanical modulation and in dc mode to 
image and record bits on magnetic disks and image magneto- 
optic and perpendicular media, magnetic tape, and magnetic 
particles at room temperature.8 The sensitivity of our 
MRSVs allows us to use them in a dc mode and also at 
cryogenic temperatures, thus expanding the applicability 
range. 

The spin valve is a layered structure which consists of 
magnetic layers weakly coupled across a thin copper layer. 
While the magnetization in one magnetic (pinned) layer is 
fixed, the other (free) layer can change its magnetization de- 
pending on the local magnetic environment. The field sensi- 
tive component of the resistance of the structure depends on 
the cosine of the relative angle between the magnetization 
vectors in the two magnetic films, making the spin valves 
attractive as simple and efficient sensors for low field 
applications.1 The technique we describe involves raster 
scanning a MRSV sensor in physical contact with the imaged 
surface. A schematic of the instrument is shown in Fig. 1. 
The MRSV head is attached to a flexible cantilever, which 
adjusts to variations in surface topography. The sample is 
mounted on a high-precision, x-y-z positioning stage 
driven by a mechanical micromotor. The x-y component of 
the stage is used for raster scanning. Approach to the sample 
is made by using a micrometer screw, while at the same time 
monitoring the output signal of the device. The scan dimen- 
sions range from 20 to 400 fim at 77 K, with a nominal scan 
step of 500 nm. The action of the mechanical motor (with a 
0.5 /an step) is further reduced with a lever.3 The spatial 
resolution of the images is limited by the size of the gap 
between the shields (0.25 /an in our case). A dc current bias 
in the range of 3-4.5 mA is supplied to the MRSV element 

0021-8979/98/83(11 )/7061 /3/$15.00 7061 © 1998 American Institute of Physics 



7062        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Petrov et al. 

FIG. 1. A schematic of the experimental setup with an expanded view of the 
inductive coil of the "write" element and the outer shield in the upper left 
corner. The MR head (not drawn to scale) is scanned in contact with the 
sample. The "read" element is 2 /an behind the "write" element. 

by a constant current source and the magnetoresistive re- 
sponse is recorded in a Wheatstone bridge configuration. The 
sensitivity at these current levels is ~ 30 /JNIG. The 
"write" function of the head is accomplished with currents 
of ±20-40 mA through the "write" element, corresponding 
to fields up to 80 G at the surface. The system is configured 
so that the magnetic surface imaging can be recorded simul- 
taneously with the dynamic resistance (dV/dl) and the 
current-voltage (I-V) characteristics of the sample under 
study using a standard ac modulation technique. The entire 
stage is placed in a liquid helium cryostat where, by means 
of helium exchange gas, the temperature is controlled in the 
range 4.2-300 K. 

We demonstrate the capability of this technique by using 
it in a study of colossal MR (CMR) manganite perovskite 
thin films9 grown on periodically grooved single crystal, a 
(100) oriented single crystal, and a polycrystalline SrTi03 

substrate as described previously.10 CMR materials have re- 
ceived a great deal of attention because of their potential for 
sensor and memory applications.10"14 A large low-field MR 
component has been observed in polycrystalline thin films 
and bulk manganite samples.10'11 While the exact mechanism 
for this low-field MR is not yet completely understood 
(magnetotunneling11'14 versus spin scattering at the grain 
boundaries10), the degree of alignment of the magnetization 
in adjacent grains is crucial for the magnetotransport. By 
using the read/write MR head we can directly probe the ef- 
fect of changes in the intragranular domain structure on mag- 
netotransport. 

An illustrative example of a MRSV image is shown in 
Fig. 2. This image is of a Lao.67Sr0 33Mn03 film deposited on 
a patterned substrate with regularly spaced grooves. The 
thickness of the magnetic layer follows the morphology of 
the corrugated surface. The domain structure is controlled by 
the step-edge weak links appearing as a result of sharp steps 
in the topography of the substrate. The spatial periodicity 
here is about 5 /mm, but we can resolve single magnetic do- 
mains of submicron size, well visible along the washboard 
pattern. This image was obtained after the film was cooled 
down to 77 K in the remnant field. 

The "write" capability of the MRSV element is illus- 

o 
CO 

FIG. 2. An image of a La0 67Sr0 J3Mn03 film deposited on a periodically 
grooved substrate. The full gray scale corresponds to a field variation of 38 
G. Black corresponds to a negative field (J.) and white to positive field (f). 

trated in Fig. 3, which shows an image of a La0 67Sr0 33Mn03 

epitaxial film deposited on a 24° bicrystal SrTi03 substrate. 
Cooling the sample down to 77 K in an in-plane homoge- 
neous external field of 100 G [above the coercive field 
HC{11 K)=30 Oe] allows us to image the bicrystalline grain 
boundary because the local disorder along the boundary 
nucleates a domain structure on the scale of the physical 
width of the boundary (~ 10 Ä). The magnetic width of the 
boundary is ~ 2 fim, wider due to spreading of the return 
field lines at the surface. We search for the anisotropy in- 
duced effects by writing five domains, two on each side of 
the boundary and one directly on the boundary. The domains 
are nucleated by a 30 mA pulse through the inductive coil of 
the "write" element. The images of the domains in Fig. 3 
show vertical (f and j.) components of the field at the edges 
of the domains. The effect of the crystallographic mismatch 
produces domains of different shapes on the two sides of the 
boundary. This effect can be imaged due to the elongated 
shape of the "write" element. 

Now we illustrate the joint "read," "write," and mag- 
netotransport measurement capabilities of our MRSV micro- 
scope using patterned polycrystalline manganite films, which 
exhibit a low-field MR effect.10 The task here is to switch the 
individual grains in the "write" mode, to image them in the 
"read" mode, and to correlate these images with the mag- 
netotransport across the grain boundaries. We pattern a 10 
/uum wide bridge structure in films with an average grain size 
of ~ 14 /xm. Thus, we have a single grain across the bridge 
width and a few grains along its length. The image in Fig. 

o 
m 
m 

FIG. 3. Domains written on a Lao 67Sr0 33Mn03 epitaxial film deposited on a 
bicrystal substrate. The grain boundary appears as a faint line. The black and 
white spots correspond to the poles of the written domains. 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Petrov et al. 7063 

HG. 4. Images of La0 67Sr0 33Mn03 polycrystalline films (a) before and (b) 
after using the "write" element over the center of the bridge, (c) The dif- 
ference between the images (a) and (b) shows the switched domains only. 

4(a) shows well resolved individual grains with randomly 
oriented in-plane magnetization. Curve 2 in Fig. 5 shows 
simultaneously obtained dVldl of this domain configuration, 
measured across the entire length of the bridge. We modify 
the domain configuration by writing with a 40 mA pulse at 
the center of the bridge [Fig. 4(b)]. The difference image in 
Fig. 4(c) clearly indicates the local action of the "write" 
element—only domains in the center of the bridge are al- 
tered, and the corresponding dV/dl vs V (curve 3) reflects 
this switch. Switching different grains along the bridge 
length produces a variety of dV/dFs (curves 1, 4, and 5), 
depending on the local grain configuration and on the writing 
current. The curves represent averaging over several grains 
on the bridge. The resistance change across the grain bound- 
aries, produced by the rotation of magnetic moment in adja- 
cent grains, is about 50 fl. An indirect indication of this 
process was reported in Refs. 10, 12, and 13. The parabolic 
shape of dVldl vs V in Fig. 5 can be produced either by 
tunneling15 or by spin scattering10 at the boundary. A de- 
tailed temperature dependence of the transport across a 
single grain will enable to distinguish between the two pro- 
cesses. 

T3 
> 
"O 

-50       0       50      100     150     200 

V(mV) 
FIG. 5. Dynamic resistivity vs voltage curves of a polycrystalline bridge 
with different domain configurations. Parabolic fits to the data are shown as 
solid lines. Curves 2 and 3 correspond to the configuration imaged in Figs. 
4(a) and 4(b), respectively. 
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Magnetic anisotropy of Lao 7Sr0 3Mn03 thin films and single crystals has been measured using 
vibrating sample and torque magnetometry. The magnetic anisotropy of thin films is dominated by 
strain anisotropy due to the lattice mismatch between the film and SrTi03 substrate. The two and 
fourfold symmetries in the (110) and (001) films, respectively, can only be explained by stress 
anisotropy contributions (£stress~8.4X104 ergs/cm3). Magnetic anisotropy of Lao.7Sr0 3Mn03 single 
crystals, subject to no external stress, reveals a uniaxial anisotropy in the (100) plane of Ä^ —1.8 
X 104 ergs/cm3 that can be attributed to magnetocrystalline effects. © 1998 American Institute of 
Physics. [S0021-8979(98)20511-1] 

The doped manganites materials REi_xAE^Mn03 (for 
trivalent rare earth ions RE and divalent alkaline earth ions 
AE) have received much interest due to the "colossal" 
changes in resistance in response to an applied field.1"5 Bulk 
studies of the manganite materials have revealed dramatic 
changes in magnetic properties, including magnetoresistance 
and Curie temperature, in response to lattice distortions im- 
posed by chemical or hydrostatic pressure.6'7 In the absence 
of external stresses, magnetocrystalline anisotropy should be 
easily deduced from appropriately oriented single crystal 
samples. In epitaxial films, the substrate imposes a strain on 
the film which affects not only Curie temperature and mag- 
netoresistance properties but also the magnetic anisotropy. 
Jin et al. and Kwon et al. have demonstrated the effects of 
strain on the magnetoresistive properties of epitaxial manga- 
nite films.8'9 Lecoeur et al. have studied the magnetic anisot- 
ropy of Lao.7Sr0 3Mn03 (LSMO) thin films by using Ken- 
microscopy.10 

In this article, we present magnetic anisotropy results on 
both films and single crystals of LSMO as measured by 
torque magnetometry. Detailed studies of the magnetic an- 
isotropy of (001) and (110) LSMO films on (001) and (110) 
SrTi03 (STO) substrates indicate the dominant effect of 
strain due to the lattice mismatch between the film and 
substrate.11 Single crystal samples shed light on the magne- 
tocrystalline anisotropy in this material that is masked by the 
strain anisotropy in epitaxial films. 

We studied several different types of LSMO samples: 
epitaxial films of (001) and (110) orientation and single crys- 
tal disks with a (100) axis of rotation. The films of LSMO 
were grown on (001) and (110) STO (a = b = c = 3.911 Ä) 
substrates using pulsed laser deposition. In this article, we 
will describe the orientation of the manganite films in terms 
of the pseudocubic lattices parameters a bulk= ^ bulk=c bulk 
= 3.87 Ä. The single crystals have a cubic perovskite struc- 
ture with a rhombohedral distortion and a rhombohedral lat- 
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tice constant of 7.78 Ä. The single crystal orientation will be 
described in terms of the rhombohedral lattice parameters. 
Deposition conditions, structural characterization, and the 
magnetoresistive properties have been described in another 
publication.11'12 Films with thicknesses varying from 500 to 
3000 Ä were fabricated. The single crystals were grown by 
the float zone method.13 The resulting single crystal rod has 
the [100] direction at 17° away from its rotational axis as 
measured by Laue diffraction. A disk sample (2.83 mm ra- 
dius and 0.57 mm thick) with a (100) axis of rotation was 
then cut from the rod. Structural characterization indicates 
excellent crystallinity for the films and crystals and smooth 
surface morphology for the films.11"13 

Measurements of the magnetic anisotropy of the films 
and crystals were performed using vibrating sample and 
torque magnetometry with the magnetic field in the plane of 
the film and single crystal disk. A Lakeshore vibrating 
sample magnetometer 7307 was used to make the magneti- 
zation measurements and a custom-built torque magnetome- 
ter was used to measure the torque as a function of angle on 
both the epitaxial films and single crystals. 

We present here results on the magnetic anisotropy of 
epitaxial films and single crystals of LSMO. While the mag- 
netic anisotropy of epitaxial films is dominated by strain ef- 
fects due to the lattice mismatch between the film and the 
substrate, the single crystals exhibit an anisotropy indicative 
of the crystal lattice. We measured the magnetic anisotropy 
of the films on both the torque magnetometer and vibrating 
sample magnetometer (VSM). In order to measure the an- 
isotropy on the VSM, we first saturate the film to ensure that 
the sample is initially in a single domain state. Then the 
magnetization is measured as the field is lowered. We mea- 
sured the magnetization at various angles that the applied 
field makes with respect to the crystal axes in the plane of the 
film. Figure 1 shows a typical plot of a (001) LSMO film. At 
H= 1 kOe, there is no evidence of angular dependence of the 
magnetization, thus indicating that the sample is in the satu- 
rated state (Fig. 1). Below 900 Oe, which we call the anisot- 
ropy field, the sample is no longer saturated in the direction 
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FIG. 1. Magnetization vs angle 4> of a (001) LSMO film on (001) STO at 
room temperature. The field is applied in the plane of the film as a function 
of angle <j> as shown in the inset. The sample was initially poled positive and 
then the magnetization measurements were made at 1 kOe and zero field. 

of the applied field as observed in the angular dependence of 
the magnetization. The angular dependence indicates that 
[100] and [110] directions are easy and hard, respectively. 
The fourfold symmetry of Fig. 1 can be explained by either 
cubic magnetocrystalline or stress anisotropy but not rhom- 
bohedral magnetocrystalline anisotropy. In order to distin- 
guish between the two factors, we studied the magnetic an- 
isotropy of (110) oriented films. In these films, the [001], 
[llO], and [111] directions are all in the plane of the film. 
We observe uniaxial anisotropy in the plane of these films 
with the easy directionalong the [001] direction and the hard 
direction along the [110] direction. The anisotropy field of 
HK= 840 Oe determined from magnetization measurements 
of (110) films is consistent with that of the (001) films. 

Torque magnetometer measurements of (110) LSMO 
films also reveal a uniaxial anisotropy in the (110) plane 
(Fig. 2). There are three possible explanations for this behav- 
ior: cubic or rhombohedral magnetocrystalline or stress an- 
isotropy. If cubic magnetocrystalline anisotropy were to ex- 
plain the result, the torque L can be expressed as a function 
of angle 8 between the applied field and the [001] direction 
in the following way: L = (^1/4+^2/64)sin2(9+(3/i:1/8 
+ £2/16)sin4c?-(3A:2/64)sin60 where K^ and K2 are the 
first and second order magnetocrystalline anisotropy 
constants.14 When we fit the torque curve with the above 
expression, we obtain Kl and K2 from fitting the fourfold 
and sixfold terms. Now cubic magnetocrystalline would pre- 
dict a twofold term of /i:1/4+^2/64~7.5X 103 ergs/cm3. In 
fact, we observe a twofold or uniaxial anisotropy contribu- 
tion of -8.4X 104 ergs/cm3. This large twofold contribution 
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FIG. 2. Torque curve of a (110) LSMO film on (110) STO at room tem- 
perature in a 2.8 kOe field. The field is applied in the plane of the film as a 
function of angle 8 between the applied field and the [001] direction. 

cannot be explained by cubic magnetocrystalline anisotropy 
or sample misalignment and indicates that there is an addi- 
tional anisotropy contribution with a hard [110] direction. 
Furthermore rhombohedral magnetocrystalline anisotropy 
would predict a uniaxial anisotropy in both the (110) and 
(100) planes and none in the (001) plane. These predictions 
are inconsistent with our film results. 

Although the symmetry of the magnetic anisotropy of 
the films are the same when measured by VSM or torque 
magnetometry, the anisotropy constants derived from the 
VSM measurements are much larger than those measured by 
the torque magnetometer. If the anisotropy constant is not 
constant throughout the sample, it is not surprising that an- 
isotropy constants deduced from anisotropy fields (measured 
on the VSM) tend to overestimate the average anisotropy 
constant measured in the torque curves. In fact, Kwon et al. 
also have observed wide in-plane ferromagnetic resonance 
lines indicative of a distribution of anisotropies in our films. 
Hex=Ms/(dM/dH)\H=0 is a more appropriate value for the 
anisotropy field than Hsat (the field when M reaches Ms) to 
estimate an anisotropy constant consistent with torque 
measurements.11 For example, for the 2500 Ä LSMO film, 
//ex=410 Oe obtained from the magnetization data is consis- 
tent with the anisotropy constant Ar=8.4X 104 ergs/cm3 de- 
duced from the torque magnetometer data. 

Therefore magnetic anisotropy data from epitaxial films 
on STO indicate that lattice mismatch between the film and 
substrate induces a strain anisotropy of the order of ^=8.4 
X 104 ergs/cm3. Further studies of the magnetic anisotropy 
as a function of film thickness have confirmed the effect of 
strain especially on thinner films.11 However in single crys- 
tals the magnetic anisotropy should be indicative of magne- 
tocrystalline anisotropy. Magnetocrystalline anisotropy in- 
cludes the effects of lattice distortions that have been the 
focus of recent scrutiny. To our knowledge, there has been 
very little work in understanding the magnetocrystalline an- 
isotropy of the doped manganite material. Perekalina et al.15 

have observed a uniaxial magnetocrystalline anisotropy of 
single crystal (La, Sr, Pb)Mn03 in the (100) and (110) 
planes and no anisotropy in the (001) planes. They describe 
the symmetries of their magnetic anisotropy in terms of a 
rhombohedral magnetocrystalline anisotropy with Kx~2 
X104 ergs/cm3 and K2 = 0. 

We have measured the magnetic anisotropy of (100) 
LSMO single crystal disks grown by the float-zone method 
in contrast to the Pb flux method used by Perekalina et al. 
We observe a predominantly uniaxial anisotropy with easy 
and hard directions along the [001]/[010]. Measurement of 
the magnetic anisotropy from the angular dependence of the 
magnetization is precluded in such bulk samples where there 
are significant effects from shape anisotropy. The finite 
thickness of the disk (0.57 mm in contrast to the 2000 A of 
the film) adds a shape anisotropy contribution to such mea- 
surements. By contrast, torque measurements of a saturated 
sample preclude these shape effects. Figure 3 shows the 
torque curves for a single crystal sample in fields from 0.4 to 
1.8 kOe. As soon as we reach a field of 600 Oe, we obtain a 
saturated torque curve. The torque curve is predominantly 
twofold with an anisotropy constant of 1.8X104 ergs/cm3 
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FIG. 3. Torque curves of a (100) LSMO single crystal disk, at room tem- 
perature and at a variety of fields in the plane of the disk, shows that 600 Oe 
is required to saturate the sample. 

and a fourfold component that is 4% of the twofold contri- 
bution. Torque curves measured with clockwise and counter- 
clockwise field rotation are identical, thus showing no evi- 
dence of rotational hysteresis (Fig. 4). 

In our crystal samples, we obtain an anisotropy constant 
of K- 1.8X 104 ergs/cm3 in the (100) plane. The discrepancy 
in anisotropy values compared to those of Perekalina (Ki 
= 2X 104 ergs/cm3) may be attributed to the presence of Pb 
in their samples which may result in structural distortions 
that affect the magnetic anisotropy. 

For a cubic crystal, one would expect fourfold symmetry 
in the torque curve of the (100) plane which is not what we 
observe. For a rhombohedral crystal, one would expect two- 
fold magnetocrystalline anisotropy for an untwinned crystal. 
X-ray diffraction of our single crystal samples indicate that 
there is significant twinning in the single crystal. While a 
rhombohedral crystal with all four different kinds of twin 
domains should exhibit fourfold symmetry in the (100) 
plane, twinning of two types of domains may not necessarily 
change the underlying twofold symmetry of the crystal struc- 
ture. Therefore the observed twofold anisotropy is not incon- 
sistent with rhombohedral magnetocrystalline anisotropy. 
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FIG. 4. Torque curves of a (100) LSMO single crystal disk measured with 
the field rotated clockwise and counterclockwise indicate no effects due to 
rotational hysteresis. 

We consider some possible origins of the observed two- 
fold symmetry. Site ordering has been observed in the garnet 
and TbFe systems to give rise to an anisotropy.16"18 Our 
uniaxial anisotropy cannot be explained by growth induced 
anisotropy due to site ordering since growth induced anisot- 
ropy would result in a perpendicular anisotropy in our single 
crystal disk samples. Our uniaxial anisotropy cannot be ex- 
plained by misalignment of the (100) axis with the axis of 
rotation due to cleaving uncertainties or misalignment of the 
sample holder. The misalignment is to within 3°. The total 
energy density of a disk sample would be E = Kmc cos2 6 
+ATshape sin2 6 where Kmc and Kshape are the magnetocrystal- 
line and shape anisotropy, respectively. If the twofold con- 
tribution is due to the misalignment, then the second term in 
the above expression should be equal to 1.8X 104 ergs/cm3. 
Given the dimensions of our disk sample, the calculated 
shape anisotropy is 4.5 X 105 ergs/cm3. Even if our misalign- 
ment were 3°, the shape anisotropy term in the above energy 
density expression would be only 1224 ergs/cm3 and not be 
able to account for the entire 1.8X 104 ergs/cm3. We have 
eliminated some of the possible origins of the strong twofold 
anisotropy in the (100) plane of the crystal. These observa- 
tions lead us to conclude that the twofold symmetry that we 
observe in the (100) plane can be attributed to the rhombo- 
hedral magnetocrystalline anisotropy of the LSMO crystal. 
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Investigation of granular films composed of interdispersed La^Ca^MnOs 
particles and metallic Au particles 
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We have carried out a study of composite, granular films made by depositing LCMO (a colossal 
magnetoresistive perovskite) and pure, metallic Au onto MgO and LaA103 substrates. Elevated 
temperature caused the Au to segregate into small, micron-sized granules. The films were studied by 
atomic force microscopy, magnetoresistivity, superconducting quantum interference device 
magnetization measurements, and magnetically modulated microwave absorption. © 7995 
American Institute of Physics. [S0021-8979(98)28011-X] 

I. INTRODUCTION AND MOTIVATION 

A deposition process, recently described by Allen and 
Cukauskas,1 was used to grow composite superconducting 
thin films composed of adjacent YBCO and metallic gold 
granules. Although scanning electron microscopy micro- 
graphs showed a well segregated region of Au and YBCO 
with large, micron-sized Au grains, transport measurements 
of these films indicated the existence of Josephson tunneling 
between YBCO grains, with the separations between grains 
of the order of only tens of angstroms. The above-mentioned 
authors concluded that Au diffuses into the grain boundaries, 
weakening the coupling between YBCO grains, thereby cre- 
ating granular films with interesting microscopic properties. 

Since LCMO (La1/3Ca2/3Mn03) and YBCO are both ce- 
ramic perovskites, we expected that a granular Au/LCMO 
composite can be grown with the same techniques that Allen 
and Cukauskas used to deposit Au/YBCO films. This expec- 
tation proved to be true. 

Section II describes the deposition technique and the 
morphology of the resulting films, while Sec. Ill summarizes 
the magnetic and transport measurements. Section IV sum- 
marizes the microwave absorption experiments. We are led 
to conclude that films containing small LCMO granules with 
diameters of the order of 500 Ä can be easily made. 

"ocean" of LCMO. The relative thickness of the deposited 
layers determines the filling factor, i.e., the ratio of perov- 
skite to gold. 

The morphology of the composite Au/LCMO films was 
studied using atomic force microscopy (AFM) and scanning 
electron microscopy (SEM). Figure 1 presents a comparison 
between the AFM images for a sample with 200 Ä of Au and 
one with 600 Ä of Au. For both samples the amount of 
LCMO deposited is the same (1000 Ä). For the 200 Ä 
sample [Fig. 1(a)], we see that the Au has coalesced into 
islands of «1.5 fira in diameter and 0.5 /mm in height, which 
occupy «28% of the film surface, with the LCMO film oc- 
cupying the area in between the Au islands. For the 600 Ä 
sample [Fig. 1(b)], we see that the Au islands have begun to 
coalesce, forming structures up to 7 fim in length, which 
occupy now only «24% of the film surface. What most 
distinguishes the two samples is the appearance of smaller 
islands only «400 Ä in height above the LCMO film and 
«0.5 fira. in diameter in Fig. 1(b). These smaller islands oc- 
cupy 16% of the film surface. SEM microscopy was unable 
to resolve the smaller islands, however energy dispersive 
analysis by x ray (EDAX) does indicate the presence of Au 
in the regions between the large Au islands. So it is conceiv- 
able that these small islands are due to Au droplets that did 
not coalesce into the large islands during the annealing stage. 

II. FILM PREPARATION AND MORPHOLOGY 

First, a Au layer was evaporated onto a cleaned MgO 
substrate at ambient temperatures and then heated to 800 °C 
in order to coalesce the Au film into discrete islands on the 
substrate surface. Next, the sample was silver pasted onto a 
substrate holder and heated for the LCMO deposition. The 
LCMO was deposited over the sample using off-axis sputter- 
ing as previously described by Broussard et al.2 The sput- 
tered LCMO filled in the regions between the Au islands but 
did not stick to the gold, yielding a composite film consisting 
of micron-sized   "islands"   of Au   protruding   from  an 

"'Electronic mail: rubinstein@anvil.nrl.navy.mil 

III. MAGNETISM AND TRANSPORT 

In Fig. 2(a) we display a plot of the percent of magne- 
toresistance versus temperature for sputtered LCMO films 
with three different thicknesses of Au: 200, 400, and 600 Ä. 
Each film contains 1000 Ä LCMO. In this case, the percent 
of magnetoresistance is defined as [R(l)-R(0)]/R(0), 
where R(0) is the resistance at zero applied field and R( 1) is 
the resistance at 1 T. LCMO is a magnetic perovskite with a 
Curie temperature Tc = 250 K, in the vicinity of which a very 
large, "colossal" magnetoresistance has been discovered.3 A 
pure LCMO film has a single negative magnetoresistance 
peak at « 250 K. As the gold granules occupy an increasing 
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FIG. 1. Atomic force micrographs of the surface for (a) the 200 Ä Au/1000 
Ä LCMO and (b) the 600 Ä Au/1000 Ä LCMO composite films. 

percentage of the total film surface, the primary 250 K peak 
decreases in intensity, and a secondary peak appears at 190 
K. At even larger gold concentrations, the secondary peak 
merges with the main peak to form a tail. 

In Fig. 2(b) we display a plot of percent of magnetore- 
sistance versus temperature for two Au/LCMO granular 
films which have been manufactured by laser ablation. The 
ablated sample containing 200 Ä Au/1000 Ä LCMO displays 
what appears to be two negative peaks at «220 and 
«* 180 K. A broad transition at «165 K appears in the 200 Ä 
Au/200 Ä LCMO ablated film, no doubt of inhomogeneous 
origin. In both Figs. 2(a) and 2(b), the percent of magnetore- 
sistance does not exceed 40%; increasing the gold concen- 
tration tends to decrease the magnetoresistance from its bulk 
value. 

It is not unexpected that some broadening of the transi- 
tion temperature occurs when the LCMO samples become 
increasingly granular. There are several physical models, 
some granular and others continuum, which can explain this 
phenomenon. Because the magnetoresistance can display 
two negative peaks [e.g., Fig. 2(a)], we are tempted to em- 
ploy a mean field theory first utilized by Gittleman et al. 
and others,5 which attributes the high temperature peak at 
Tc0 to the magnetic ordering of the individual granules, and 
the low temperature peak at Tc to the ordering of the gran- 
ules with respect to each other. Such an explanation for the 
temperature dependence of the magnetic transition in granu- 
lar Au/LCMO parallels the explanation of the superconduct- 
ing transition in granular Au/YBCO.1 (In these granular su- 

300 

150 200 
Temperature (K) 

250 300 

FIG. 2. (a) Percent of magnetoresistance {[R(lT)-R{0T)]/R(0T)]) 
X 100} vs temperature for granular films composed of 200 Ä Au/1000 Ä 
LCMO (diamonds), 400 Ä Au/1000 Ä LCMO (squares), 600 Ä Au/1000 Ä 
LCMO (circles). The LCMO layer was deposited by sputtering, (b) Percent 
ofmagnetoresistance{[R(ir)-ß(0r)]/Ä(07')])X100} vs temperature for 
granular films composed of 200 A Au/200 A LCMO (circles), and 200 A 
Au/1000 A LCMO (squares). The LCMO layer was deposited by laser ab- 
lation. 

perconductors, the resistivity starts to drop at the transition 
temperature Tc0 of the individual superconducting grains. Fi- 
nally, at a lower temperature, Tc, the Josephson coupling 
energy between adjacent grains, causes their phases to lock 
together, and the sample becomes completely superconduct- 
ing.) 

However, a more likely scenario to that presented above 
is to attribute Tc0 to the transition temperature of the very 
large, "infinite" clusters, and to attribute the low tempera- 
ture transition (or the "tail" of the primary transition) to 
smaller grains of LCMO whose transition temperature is de- 
pressed by surface interactions. This picture neglects the in- 
teraction between the grains. 

Turning from resistivity measurements to magnetization 
measurements, we have measured the zero-field-cooled 
(ZFC) and field-cooled (FC) magnetization in sputtered Au/ 
LCMO with volumetric ratios of 0.2, 0.4, and 0.6. The re- 
sults are shown in Fig. 3. The arrows indicate the tempera- 
tures of the susceptibility peak of the ZFC susceptibilities. A 
small measuring field is used (30 G) to minimize the hyster- 
esis of the granules themselves. The superparamagnetic 
blocking temperature TB has been variously identified as the 
temperature at the peak of the ZFC magnetization or the 
temperature at which the ZFC and FC magnetizations meet. 
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FIG. 3. ZFC and FC magnetization vs temperature for (a) 200 Ä Au/1000 Ä 
LCMO, (b) 400 Ä Au/1000 A LCMO, and (c) 600 Ä Au/1000 A LCMO 
(circles). The LCMO layer was deposited by sputtering. The arrows indicate 
the blocking temperature in the ZFC data. 

Assuming that the magnetic anisotropy energy exceeds the 
interparticle interaction, the volume of an average grain in a 
static magnetization experiment can be estimated by the 
relation6 

(V2)KV~25k&TB. (1) 

Here, V is the volume of the grain, and K is the dominant 
anisotropy energy. Utilizing ferromagnetic resonance tech- 
niques, Ramachandran et al.7 found the demagnetizing field, 
//D = 4'77M«5000 G, and a negligible crystalline anisotropy 
field, HA<*=*0, for LCMO. Using the dipolar shape anisotropy 
2TTM

2
S as the dominant dipolar anisotropy energy in Eq. (1), 

and also using rB = 200 K as appropriate for the 600 Ä Au/ 
1000 A LCMO sample shown in Fig. 3(c), we obtain a value 
of 400 Ä as an estimate for the grain diameter based on the 
magnetization studies. This is the correct magnitude for the 
fine structure visible in the micrographs of Fig. 1(b), and 
absent in Fig. 1(a) with less Au, from which we conclude 
that the metallic Au may serve to separate LCMO grains by 
diffusing into the grain boundaries. Similar tentative conclu- 
sions have been reached by Allen and Cukauskas in their 
studies of superconducting Au/YBCO composites.1 

Each of the three Au/LCMO magnetization curves 
shown in Fig. 3 represents a different concentration of Au. It 
can be seen that the temperature of the susceptibility peak 
moves to lower temperatures as the Au content increases. We 
can attempt to explain this fact using Eq. (1), and assuming 
that increasing Au content causes the average volume V of 
the grains to decrease, thereby decreasing TB. 

IV. MICROWAVE ABSORPTION 

Magnetically modulated microwave absorption 
(MAMMA) is a microwave absorption technique which uti- 

<^* 

(b) 
B 
8 3 

5 
; 

c 
d 

0 ; 

a0 
; 

 m mi MC "^N ~ 
\ r 
\ \ 

(a) ' \ 1   : 
™ 

....!....: 
0       50     100    150    200    250    300 

TEMPERATURE  (K) 

FIG. 4. MAMMA spectra as a function of temperature of (a) a pure LCMO 
film and (b) a 600 A Au/1000 A LCMO granular film. The LCMO layer was 
deposited by sputtering. 

lizes magnetic field modulation and a temperature sweep.8 

The absorption is monitored using the conventional electron 
spin resonance (ESR) spectroscopic methodology, which in- 
volves field modulation and phase sensitive detection at the 
modulation frequency. The difference is that one scans along 
the temperature axis at a fixed magnetic field value rather 
than scans along the magnetic field at a fixed temperature. 

In Figs. 4(a) and 4(b) we display the MAMMA response 
(the field-modulated microwave absorption curve as a func- 
tion of temperature) at an applied field of «10 kG for a thin 
film of pure LCMO and a granular film of 600 Ä Au/1000 Ä 
LCMO. The response is characterized by a derivativelike 
peak occurring at a temperature corresponding to the peak in 
the magnetoresistance. 

Figure 4(a) exhibits a single peak at ~ 250 K, the Curie 
temperature of LCMO, as expected. Figure 4(b) exhibits two 
peaks: a smaller peak near the Curie temperature of the in- 
dividual grains (~250 K) and a larger peak near a tempera- 
ture we have identified as either the ordering temperature of 
the grains with respect to one another or as the ordering 
temperature of the very small grains. The microwave absorp- 
tion serves to verify the two-peaked nature of the magnetore- 
sistance. 
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Magnetic and transport properties of radiation damaged La0.7Cao.3Mn03.0 

thin films 
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Magnetization and resistivity measurements are reported for a series of radiation damaged 
La0 7Cao 3Mn03 pulsed laser deposited thin films. When plotted as a function of activation energy, 
trends in the electrical transport properties are similar to those exhibited in the magnetic properties. 
A sharp drop in both Tc and Tp in samples with activation energies greater than —110 meV suggests 
a "decoupling" of the magnetic and transport properties. The results suggest the magnetic order is 
no longer sufficient to delocalize the system of the extra disorder induced by the radiation damage. 
[S0021-8979(98)38011-l] 

I. INTRODUCTION 

The mixed valent metal-oxide perovskite 
La0.7Cao 3Mn03 o (LCMO) is known to exhibit "colossal" 
magnetoresistance1 (CMR) near a transition from insulating 
to metallic behavior. This transition occurs at a temperature, 
Tp, at which the resistivity reaches its maximum value and 
which is nearly coincident with the onset of ferromagnetic 
ordering of the Mn spins at the Curie temperature, Tc. Al- 
though the ferromagnetism in these materials is attributed to 
a double exhchange mechanism mediated by the 
Mn3+-0-Mn4+ bond,2 the origin of the metal-insulator tran- 
sition in these materials remains a subject of considerable 
debate. In particular, the high temperature activated behav- 
ior, although generally believed to be some form of hopping 
mechanism, is not well understood. Since a prerequisite for 
hopping transport is the formation of spatially localized 
states, it has been speculated that magnetic disorder above 
the Curie temperature may be the source of localization in 
the CMR materials. However, Millis et a/.,3 have argued that 
the double exchange mechanism alone is not sufficient to 
account for a disorder driven metal-insulator transition in 
this system and conclude that lattice distortions play a nec- 
essary and crucial role in the observation of a metal-insulator 
transition and the resulting CMR effect. Experimental results 
to date have yet to yield a definitive conclusion regarding the 
role of structure and magnetism in the CMR materials. 

In an effort to better understand the relationship between 
structure, magnetism, and transport in the CMR materials we 
have looked at the evolution of both the magnetic and trans- 
port properties in radiation damaged pulsed laser deposited 
LCMO thin films. It has previously been demonstrated that 
ion beam irradiation can be used to "tune" both the mag- 
netic and transport properties in the CMR materials.4 We 
have used this technique to produce a series of LCMO thin 
films with varying amounts of radiation damage. Our results 
reveal that both the Curie temperature and peak temperature 
exhibit a sharp drop in magnitude in samples with activation 
energies larger than —110 meV, thereby establishing a rela- 
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tionship between transport and magnetism in this system. 
Further study of this relationship may lead to a more clear 
understanding of how the two phenomena are coupled in the 
CMR materials. 

II. EXPERIMENT 

The LCMO films were grown by pulsed laser deposition 
on single crystal (100) LaA103 substrates. Complete details 
of the deposition procedure can be found elsewhere.5 A post- 
deposition anneal at 1000 °C in an oxygen atmosphere was 
performed to oxygenate the as-deposited films and to mini- 
mize extrinsic structural defects. After annealing, the films 
were irradiated with 10 MeV I ions in order to introduce a 
controlled quantity of structural defects. The flux of incident 
ions ranged from 5.0X 1012 ions/cm2 to 20.0X 1012 ions/ 
cm2 and were estimated by TRIM simulations6 to result in 
displacement damage of between 0.006 and 0.021 displace- 
ments per atom (d.p.a.). The incident ion energy was chosen 
to produce uniform damage and implantation of the incident 
ions into the substrate, in contrast with an earlier study of Ar 
irradiation in which TRIM simulations indicated nonuniform 
damage and implantation of the ions in the films.4 

The transport properties of the films were characterized 
by measuring the temperature dependence of the resistivity 
while cooling the films in a closed cycle refrigerator. The 
resistivities of the samples were measured using a standard 
four-probe technique. The measuring currents ranged from 
10 nA to 100 fiA depending on the magnitude of the resis- 
tivity being measured. 

The magnetic measurements were taken using a super- 
conducting quantum interference device (SQUID) magneto- 
meter. Hysteresis curves, which allowed measurement of the 
saturation magnetization and coercivity, were taken by 
sweeping field at fixed temperature (r=10K), while the 
temperature dependent magnetization measurements, which 
allowed measurement of the Curie temperature, Tc, were 
taken by cooling the sample in an applied field (H 
= 1000Oe). All of the magnetization measurements were 
corrected for the diamagnetic signal of the substrate as de- 
termined from a series of measurements on blank LaA103 
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FIG. 1. Resistivity vs temperature data for radiation damaged pulsed laser 
deposited LCMO thin films. 

substrates. There is an estimated 10% uncertainty in the ab- 
solute magnitude of the magnetization values due to the un- 
certainty in calculating the sample volume. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the resistivity versus temperature curves 
for the LCMO films. The effect of the radiation damage 
manifests itself as an increase in the resistivity as well as a 
reduction in Tp. For the most heavily irradiated samples, no 
peak in resistivity was observed down to —40 K where the 
resistance became too large to measure in our apparatus. 
These two films were further studied at low temperatures by 
using an electrometer to confirm that the resistivity of the 
films at 4.2 K was greater than 104 O-cm. 

The exact mechanism which dominates transport at tem- 
peratures above Tp remains unclear. In a simple thermally 
activated semiconducting system, the resistivity is expected 
to exhibit a temperature dependence with p 
= p0 exp(A/£B7). If the conduction is by small polarons, as 
suggested by Millis et al.,3 then the resistivity should exhibit 
a temperature dependence p= p0(T)exp(A/kBT) where 
p0(T)~T for adiabatic polarons and p0(T)~T312 for nona- 
diabatic polarons. It has also been suggested that the acti- 
vated behavior may be due to variable range hopping 
(v.r.h.)7 which results in a temperature dependent resistivity 
p = p0 exp(r0/r)

_1/4. In general, with limited temperature 
range, it is difficult to discriminate between these models. In 
the present study, it was found that all of the models could be 
equally well fit to the data. The activation energies (A 
= kBT0) obtained using a semiconducting fit are 57.0 meV 
for the undamaged sample and 100.9, 111.5, 117.5, and 
117.9 meV for the samples irradiated with 5.0X 1012, 10.0 
X 1012, 15.0X 1012, and 20.0X 1012 I ions/cm2, respectively. 
In order to confirm that the error in the extracted activation 
energy using the data near Tp for the low damage samples 
was minimal (<5 %), the temperature range of the undam- 
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FIG. 2. Field dependence of the magnetization (47rM) of radiation dam- 
aged pulsed laser deposited LCMO thin films. The inset shows the low field 
behavior for the undamaged, 0.006 d.p.a, and 0.021 d.p.a. films. 

aged sample was increased by measuring its resistivity up to 
400 K (data not shown in Fig. 1) and the fit was reapplied 
over the entire data range. 

Hysteresis loops taken on the various samples are shown 
in Fig. 2. Of note is the sharp decline in the saturation mag- 
netization and the significant increase in the coercive field 
with increasing damage (see Fig. 2 inset). It is also interest- 
ing to note that the most heavily damaged samples continue 
to exhibit a residual paramagnetism above the saturation 
field. This observation is consistent with what one expects to 
see in a ferromagnetic system that is becoming increasingly 
disordered and/or frustrated. Further evidence for this can be 
seen in the temperature dependence of the magnetization as 
plotted in Fig. 3. These data show a reduction in Tc with 

"0.021 d.p.a 
_J i i i I i i i 'i 

100 200 300 
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400 

FIG. 3. Temperature dependence of the normalized magnetization of a se- 
ries of pulsed laser deposited LCMO films with damage levels ranging from: 
0.000 d.p.a. (O), 0.006 d.p.a. (D), 0.011 d.p.a. (0), 0.016 d.p.a. (X), and 
0.021 (+). The inset shows the data plotted as a function of reduced tem- 
perature, (Tc-T)/Tc. 
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FIG. 4. Curie temperature, Tc, plotted against activation energy, A, for 
several series of radiation damaged LCMO thin films. The circles represent 
data for the series of samples which are the focus of the current study. 
Additional data points come from oxygen deficient LCMO films irradiated 
with Si ions (triangles) and LCMO films irradiated with I ions grown from 
a Mn-rich target (squares). The inset shows the corresponding data for the 
Tp values as a function of A. 

increased damage and when plotted versus reduced tempera- 
ture, (Tc-T)/Tc, significant broadening of the transition re- 
gion is evident (see Fig. 3 inset). These results are interpreted 
as indicative of a weakening and broadening of the magnetic 
exchange distribution both of which are attributed to the in- 
creased disorder resulting from the radiation damage. 

The reduced ATTM and Tc values, the increased coerciv- 
ity, and the observation of paramagnetism at high fields be- 
low Tc, are all features consistent with the behavior seen in 
both superparamagnetic and spin-glass systems. Although it 
is impossible based upon the current experimental results to 
distinguish between the two effects, considering the length 
scale (—20-50 Ä) and homogeneity associated with the 
atomic displacements, we consider it more likely that the 
results are a result of spin-glass formation. Further study of 
the temperature dependent magnetization as a function of 
field-cooled and zero-field cooled initial conditions as well 
as measurements at higher fields will help to clarify this is- 
sue. However, it has recently been reported by Cai et a/.8 

that spin-glass behavior can be induced via spin disorder in 
Fe-doped LCMO. Therefore it is likely that the spin disorder 
introduced by the radiation damage in the current study, and 
by Fe substitution in Cai etal.'s samples, result in similar 
effects. 

Figure 4 plots the Tc values versus activation energy 
obtained from the samples reported on in this study together 
with values obtained from two other series of radiation dam- 
aged pulsed laser deposited LCMO films. The additional data 
sets come from one series of oxygen deficient LCMO films 
that were irradiated with Si ions and a series of I irradiated 

LCMO films that were prepared from a Mn-rich target. The 
inset to Fig. 4 shows the dependence of Tp as a function of 
activation energy. Both curves exhibit a sharp drop near 110 
meV, beyond which the metal-insulator transition is com- 
pletely suppressed despite the existence of a ferromagnetic 
transition. This result does not change qualitatively when 
using values for activation energies obtained using the other 
model dependent expressions for resistivity discussed earlier 
and suggests that the increasing disorder results in a decou- 
pling of the magnetic and electronic transport properties. 
This implies that in samples which exhibit activated behavior 
with A>110 meV (as determined using a semiconducting 
expression for the resistivity), the magnetic ordering is no 
longer sufficient to delocalize the system. The fact that this 
trend is seen in samples obtained from several series pre- 
pared under different processing conditions suggests that this 
behavior may be universal in the LCMO system. 

IV. CONCLUSION 

In summary, resistivity and magnetization data presented 
for radiation-damaged LCMO thin films show similar trends 
when examined as a function of radiation damage. These 
results show, in agreement with previous reports, that the ion 
irradiation has a deleterious effect on both the magnetic and 
transport properties and that the radiation damage results in 
spin disorder which likely is responsible for the observation 
of behavior similar to that observed in spin-glass systems. 
An examination of the trends in the magnetic and transport 
properties as a function of radiation damage has established a 
relationship between the onset of magnetic ordering (Curie 
temperature) and the activation energy as determined from 
the high temperature resistivity measurements. 
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We report on a systematic investigation of strain-induced lattice distortion effects on the crystal 
structure and transport properties of as-grown and postannealed ultrathin La<) 67Sr0 33Mn03 epitaxial 
films grown on LaA103 (001) substrates by pulsed laser deposition. The resistivity of the as-grown 
films is critically dependent on the thickness, i.e., 100 Ä thick films show insulating behavior, 300 
A thick films show metal-insulator transitions, and 500 A thick films show metallic behavior. 
However, all the annealed films show identical metallic behavior. Conventional 6-26 x-ray scans 
with momentum transfer (q) along the [001] direction, and 6-26 scans of the (103) and (113) peaks, 
with q having a component perpendicular to the growth direction, were used to measure the 
out-of-plane and in-plane lattice parameters of the sample. <J> scans of the (103) and (113) peaks 
revealed a fourfold symmetry which is consistent with a tetragonal unit cell. These data conclusively 
show that significantly elongated tetragonal structures (c/a= 1.02-1.04) are insulating whilst films 
with cubic unit cells, relaxed either due to annealing or as a function of thickness, have metallic 
characteristics.   © 1998 American Institute of Physics. [S0021-8979(98)52911-8] 

The transport properties of manganite perovskites 
R!_xAxMn03 (R=La, Pr, Nd, A=Ca, Sr, Ba) in the double 
exchange formalism1 is sensitive to both the Mn-0 bond 
distance (dMn_0) and the Mn-O-Mn bond angle (6). Slight 
changes in dUn_0 or 6 affect the on-site coulomb correlation 
energy and/or bandwidth and may lead to a metal-insulator 
transition. Note dMn_0 and 6 can be altered either by 
substitutions,2'3 external pressure,4 or, in a controlled fash- 
ion, by strain due to epitaxial growth on lattice-mismatched 
substrates.5-7 In the latter case, the strain is also a function of 
the thickness, annealing conditions, and mechanisms of 
strain relaxation. Although there exist numerous studies of 
the effect of lattice changes, induced by chemical substitu- 
tions and external pressure, on the transport and structure of 
manganite perovskites, there has been little investigation on 
the effect of lattice distortion induced by substrate strain on 
the transport and structure. In addition, the reports were fo- 
cused on relatively thick films (thickness s= 1000 Ä) most of 
which were post annealed at high temperature (for example, 
900 °C) at which significant lattice relaxation can occur mak- 
ing the films unsuitable for strain study. Hence, we have 
chosen to study lattice distortion, strain, and its influence on 
the transport properties in the La0 67Sr0 33Mn03(LSMO) sys- 
tem, which is a metallic and ferromagnetic compound with a 
high transition temperature of 370 K.2 Epitaxially grown 
LSMO[001] II LaAlO3[001] films are expected to be under 
compressive strain since <iLSMO(3.88 Ä)><iLAO(3.78 A). In 
this article, we report on the critical thickness and annealing 
(strain relaxation) dependence of the transport and structural 
properties of such ultrathin [001]LSMO/[001]LAO films. 

LSMO   films   with  thickness  ranging   from   100   to 

"'Electronic mail: hiju@lbl.gov 
b) Author to whom correspondence should be addressed. 

500 Ä, were deposited from a target of composition 
Lao 67Sr0 63Mn03 by pulsed laser deposition on LaA103 (001) 
substrates at 640 °C/300 mTorr 02; a condition that gives 
optimal quality of 100 Ä thick films (low resistivity, high 
transition temperature, large residual ratio). After the depo- 
sition the films were cooled down to room temperature at 
10 °C/min in an oxygen pressure of 400 Torr. Each wafer 
was cut into two pieces—one half was left as grown and the 
other half was annealed at 900 °C 1 bar O2/10 h. The tem- 
perature dependence of the dc resistivity in a field, H 
(= 1 T) and zero field, was measured using a standard four- 
probe technique. The field was applied in a direction perpen- 
dicular to the film surface and the current direction. 

X-ray diffraction data were obtained using an 18 kW 
rotating Cu anode generator equipped with a four-circle 
sample goniometer. The samples were scanned with the mo- 
mentum transfer vector q having components both parallel 
and perpendicular to the growth direction of the samples. 
The interplanar distance along the [001] direction, assuming 
a perovskite unit cell, was determined from 0-26 scans with 
q along the growth direction. The in-plane lattice parameters 
were determined from 6-26 scans of the (103) and (113) 
peaks, with q having a component perpendicular to the 
growth direction of the sample. For all samples, <£ scans of 
the (103) and (113) peaks revealed a fourfold symmetry con- 
sistent with a tetragonal unit cell (i.e., a = b=hc, where c is 
(001) lattice parameter). The [100] direction of the sample 
and the LaA103 substrate (assuming a pseudoperovskite unit 
cell) coincided with one another. 

Figure 1 shows representative x-ray data from both an- 
nealed and as-grown 100 Ä thick samples. Similar results 
were obtained from the 300 and 500 Ä samples, although the 
peaks in the thicker samples were generally narrower and 
more intense. The data in Fig. 1(a) were obtained with q 
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FIG. 1. 8-28 scans with q along the [001] growth direction (a) and the 
[113] direction (b) for both annealed and as-grown 100 Ä thick samples (top 
and bottom scans, respectively). The scans from the annealed and as-grown 
samples were displaced from one another in graphs (a) and (b) for greater 
clarity. The peaks due to the LaA103 substrate, indexed using a pseudoper- 
ovskite unit cell, are also indicated. Note (c) is a $ scan of the (103) 
reflection of the annealed sample, which shows a fourfold symmetry char- 
acteristic of the pseudoperovskite structure. All samples in this study had the 
same fourfold symmetry, with the [100] direction coinciding with that of the 
LaA103 substrate. 

along the [001] direction, so that the sample peaks corre- 
spond to the (002) reflection. In both of these scans, the peak 
near 20=48° is a substrate peak. The top scan, measured in 
the as-grown sample, shows a single peak at approximately 
20=45.5°, while the other, smaller peaks result from the 
finite thickness of the film. The bottom scan in Fig. 1(a), 
obtained from the annealed sample, shows several peaks, the 
strongest of which  appears  near 2 0=46.5°.   The  other 

TABLE I. Lattice parameters of La0 67Sr0 33Mn03/LaA103 thin film 
samples determined from x-ray diffraction data. The c axis represents the 
lattice parameter along the growth [001] direction, while the a axis repre- 
sents the [010] and [100] directions. The corresponding Mn-O-Mn bond 
angles (6) and the Mn-0 bond distances, both in-plane and out-of-plane are 
also shown. 

Sample c{k) a{k) ^out (A) "out dm (A) »i. 

100 Ä as-grown 3.99 3.82 2.00 180° 1.96 151° 
100 Ä annealed 3.91 3.87 1.96 171° 1.96 160° 
300 Ä as-grown 3.98 3.85 1.99 180° 1.96 156° 
300 Ä annealed 3.90 3.88 1.95 167° 1.96 162° 
500 Ä as-grown 3.91 3.82 1.96 171° 1.96 151° 
500 Ä annealed 3.88 3.87 1.96 162° 1.96 160° 
bulk 3.88 3.88 1.96 162° 1.96 162° 
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FIG. 2. Temperature dependence of the resistivity of Lao 67Sr0 33Mn03 films 
with thickness from 100, 300, 500 Ä thick as-grown (a) and annealed films 
(b) without field (full symbol) and with an applied field of 1 T (empty 
symbol). Inset shows the resistivity ratio P330K^P80K 

as a function of 
thickness. 

weaker peaks could be due to different phases formed during 
the annealing process. Clearly, the effect of annealing is to 
shift the peaks to higher angles, which means that the (001) 
interplanar distance contracts. The scans in Fig. 1(b) were 
obtained with q along the [113] direction. The top scan again 
represents the as-grown sample, while the bottom scan rep- 
resents the annealed sample. The effect of annealing in this 
case is to shift the peak to higher angles. Figure 1(c) is a <3> 
scan of the (103) reflection of the annealed 100 Ä sample, 
showing the fourfold symmetry characteristic of the tetrago- 
nal crystal structure. All samples showed the same fourfold 
symmetry. From scans such as those shown in Figs. 1(a) and 
1(b), the in-plane and out-of-plane lattice parameters were 
calculated assuming that the [100] and [010] in-plane direc- 
tions are equivalent, and that the unit cell is tetragonal. Simi- 
lar scans of the (103) reflection were used to confirm the 
results. The results are shown in Table I. It is clear that 
annealing causes the c axis (along the growth direction) to 
contract while the a axis (in the plane) expands. 

The temperature dependence of the resistivity for the 
as-grown and annealed films is shown in Fig. 2. The resis- 
tivity of the as-grown films [Fig. 2(a)] shows a critical de- 
pendence on thickness (?)• For ?=100Ä, it is completely 
insulating over the entire temperature range investigated with 
a significant magnetoresistance (MR) effect observed below 
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200 K. MR increases with a decrease in temperature and 
reaches —50% at 1 T and 80 K. However, the absolute mag- 
nitude of the resistivity at 80 K is —1000 mil cm (or 
— 1 O cm) and rather small compared to that of insulating 
bulk samples (>103 O cm).2 For r=300Ä, the zero-field 
resistivity is also insulating (with the magnitude of the resis- 
tivity smaller than that for t= 100 Ä), but when a field of 1 T 
is applied the resistivity, PH=IT(T) is suppressed below 270 
K and shows a peak around 180 K, with metal-like behavior 
at lower temperatures. The MR for r=300 Ä was found to 
increase with decreasing temperature. Unlike the above two 
cases, for r = 500Ä a metallic behavior with a room tem- 
perature resistivity of — 2 mü, cm, along with a large MR 
effect near and above room temperature, but with insignifi- 
cant MR at low temperature, is observed. 

Contrary to the critical thickness dependence of resistiv- 
ity and MR for the as-grown films, the annealed films [Fig. 
2(b)] uniformly show a metallic behavior with significant 
MR above room temperature. However, the magnitude of the 
resistivity decreases with an increase in film thickness. For 
example, the resistivity at 330 K, P330K is 2.7 mficm for 
100 Ä, 1.6 mil cm for 300 A, 1.2 mO cm for 500 Ä. The 
resistivity ratio P330K/P8OK increases with increasing film 
thickness—P33OK/P80K

=
~

6
, ~8> ~*2 f°r 100 Ä, 300 Ä, 

and 500 Ä thick films, respectively. Moreover, the thicker 
the film the higher the resistivity peak temperature. The tem- 
perature dependence of resistivity reveals that the 100 Ä 
thick film exhibits a resistivity peak at 320 K, 300 Ä thick 
film exhibits a resistivity approaching a peak, and the 500 Ä 
thick film exhibits resistivity with a sharp increase. 

Changes in lattice constants of perovskites determine 
two key structural parameters that impact on their transport 
properties: Mn-O-Mn bond angle (8) and bond distance 
(dMn_0). (Note: both in-plane and out-of-plane values are 
shown in Table I). However, it has been shown that for 
R067A033MnO3 (R=La, Pr, Nd, Y: A=Ca, Sr, Ba), changes 
in (R, A) site ionic size only affect 6, with dUn_0 remaining 
unchanged (rfMn_0=1.96Ä).8 This corresponds to a maxi- 
mum lattice parameter of 3.92 A. Hence, it is reasonable to 
assume that larger values of the lattice parameter imply 
stretching of dUn_0 (f? fixed at 180°) and smaller lattice pa- 
rameters imply a contraction of 6 (dMn_0 fixed at 1.96 Ä). In 
the as-grown films, a is —3.82-3.85 A but c depends on 
film thickness, i.e., c = 3.99 Ä for t= 100 Ä and c = 3.91 A 
for r = 500Ä. Thus, the thickness dependence of the resis- 
tivity as a function of temperature of as-grown LSMO thin 
films may be related to changes in the c parameter. For bulk 
La067Sr033MnO3, where dMn_0=l.96 Ä and a = c=3.88 Ä,2 

6 is found to be -162°. For tetragonally distorted LSMO 
thin films 6 and <iMn_0 are* in principle, different along the a 
(in-plane) and c (out-of-plane) axis directions. For the as- 
grown films, the in-plane Mn-O-Mn bond angle, 6m is 
~ 151°-156° and this decrease in the bond angle (with re- 
spect to the bulk) may significantly reduce the double ex- 
change interaction. However, 6in and din are independent of 
thickness and may not explain the thickness dependence of 
the resistivity. On the other hand, the out-of-plane Mn- 
O-Mn angle, 0out for the as-grown films is —180° and the 

out-of-plane Mn-0 distance, doat is significantly stretched 
(Table I). Note doat for the insulating, f=100Ä, as-grown 
film is greater than that for metallic t = 500 Ä film by 0.04 Ä. 
The influence of the bond distance <iTi_0 (distance between 
Ti and O) on the transport properties has been reported9 for 
the bulk, cubic perovskite (0=180° between Ti-O-Ti) 
compound Nd1_J.Ba^Ti03 (NBTO) where a small increase in 
^Ti-o (~0.02 Ä) is responsible for a change from metallic to 
insulating behavior for 0.7=Sx=£0.9. The change in dMn_0 in 
LSMO thin films, particularly in the out-of-plane direction, 
is greater than the change in dTi_0 of NBTO and may be 
responsible for its insulating behavior. However, there are 
important differences in the electronic transport between 
LSMO and NBTO. Whilst the conduction pathway in bulk 
NBTO is three dimensional, in LSMO thin films the conduc- 
tion pathway is quasi-two dimensional. Thus, the difference 
in c for the as-grown films may be responsible for the critical 
dependence of the resistivity on the film thickness for as- 
grown films. The quasi-two-dimensional conduction path in 
ultrathin films of LSMO may be responsible for the observed 
correlation between the c-axis lattice parameter and the re- 
sistivity, pending future investigation. 

Preliminary transmission electron microscope meas- 
urements10 show that the 100 Ä thick film relaxes upon an- 
nealing by forming a dislocation network with a periodicity 
determined by the lattice mismatch between the substrate 
(d = 3.78Ä) and the film (d=3.88 Ä). For all films, after 
annealing, the c axis contracts and the a axis expands result- 
ing in a cubic structure with a = c~3.88 A. There is neither 
change in a, c, nor the temperature dependence of the resis- 
tivity as a function of thickness. The minor differences, i.e., 
the magnitude of the resistivity and ratio P3OOK/P80K> 

maY 
be due to variations in the dislocation network created to 
accommodate the strain. Detailed electron microscopy work 
to further understand the role of the microstructure, interdif- 
fusion at interface, and strain relaxation mechanism are in 
progress. 
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Contrasting magnetic and structural properties of two La manganites 
with the same doping levels 
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Powder and sintered samples of Lao9Mn03 (LMO) and La062Y007Ca031MnO3 (LYCMO) are used 
in this study. The two initial calcined in air powders have almost identical ferromagnetic properties 
with rc«

s250K, and saturation magnetization of tr«90 emu/gm corresponding to 
Mn4+(0.3)/Mn3+(0.7). Heating the calcined powders in argon to high temperatures lowers Tc to 
«»120 K; however, subsequent oxygen annealing brings back the high Tc form. The LYCMO 
remains ferromagnetic with a^90 emu/gm in both heat treatments but only has a colossal 
magnetoresistance (MR) for ^^120 K. In contrast the LMO with rc^120 K has a reduced to 
one-half its ferromagnetic value and the MR is almost zero. Neutron diffraction shows only the 
ferromagnetic structure below Tc for LYCMO but the low magnetization of LMO is best interpreted 
as a mixed ferro-antiferromagnetic structure rather than a canted one. © 1998 American Institute 
of Physics. [S0021-8979(98)20611-6] 

Our previous studies of a self-doped La1_J.DjMn03_<5 

perovskite vacancy (□) structure showed different magnetic 
and magnetoresistance properties between films and bulk 
samples.1 Preparation and annealing procedures also caused 
significant changes in the bulk properties. In this article we 
look at the changes induced in bulk Lao9D01Mn013_5 

(LMO) systematically and compare it to 
Lao62Y007Ca031Mn03_^ (LYCMO) which has a "colossal" 
magnetoresistance (CMR) discovered by Jin et al.2 and by 
Chen et al? The two compostitions LMO and LYCMO are 
chosen because they have the same mixed valency of Mn 
and comparison should help our understanding about mag- 
netic and transport properties in these oxides. 

To facilitate the presentation Table I lists the various 
samples studied, their preparation, and structure data. The 
initial powders are obtained by the reaction of high purity 
(La203,MnO,CaC03) component oxides or carbonates 
heated in air at 1050 °C. These are designated as calcined in 
Table I. Subsequent oxygen annealing did not change the 
calcined powder sample magnetic properties. To cause 
changes it is necessary to heat the sample in argon to reduce 
the oxygen content of the powder. Sintered bar samples are 
prepared from the calcined powders at temperatures of 
1550-1600 °C for 16 h at which temperatures there is evi- 
dently a loss of oxygen. It is necessary to reanneal in oxygen 
to obtain magnetic properties for the bars similar to the origi- 
nal calcined powders. 

Magnetic data for the two calcined powders are plotted 
in Fig. 1(a) for LMO and in Fig. 2(a) for LYCMO. Since 
these samples were adjusted to have the same valency distri- 
bution of Mn, it is not surprising that they have about the 
same Curie temperature (Tc) and the same saturation mag- 
netization as. Assuming 03 per formula unit (i.e., <5=0) 

"'Electronic mail: mcguire@watson.ibm.com 
^Department of Physics, Brown University, Providence, RI 02912. 

both compositions have the ratio Mn4+(0.3)/Mn3+(0.7). Us- 
ing spin only of Mn4+ and Mn3+ as 3nB and 4nB Bohr 
magnetons, respectively, with ferromagnetic alignment we 
calculate crs = 90.7 emu/gm for LMO and as 

= 99.6 emu/gm for LYCMO. The measured values estimated 
for l/H^0 are 90 emu/gm for LMO and 94.5 emu/gm for 
LYCMO and the measured as are in reasonable agreement 
with the calculated values. Curie temperatures estimated 
from low field magnetization are illustrated in Fig. 1(a) for 
H= 150 Oe. The 6 intercept is obtained from the linear por- 
tion of the reciprocal susceptibility ( IIXM) projected to the 
horizontal axis as given by the Curie-Weiss law XM 

= CM/(T— 6). The molar Curie constant CM is proportional 
to the square of the average effective moment (Ateff)

2 

=g2S(S+l) of the Mn ions with spin S and nB = gS. To 
obtain /zeff the relation 8CM = (/xeff)

2 can be used. Reciprocal 
susceptibilities are plotted for each of the samples studied. 
These plots are useful not only to obtain /neff but the depar- 
ture of MXM from linearity is a measure of the short range 
order or cluster formation4 of the Mn magnetic moments 
above Tc. From molecular field theory the 6 temperature 
intercept is a measure of the sign and strength of the ex- 
change interactions between neighboring Mn ions. Where 
short range order is strong, the Curie temperature is de- 
pressed and 9>TC. In the two calcined samples, Figs. 1(a) 
and 2(a) 8^ Tc, indicating very little short range order. 

In Figs. 1-4 values of CM are marked for each IIXM 

linear plot. These values are all larger than expected and give 
Mn atomic moments of 4-5 nB as compared to the 3.7 nB 

expected for Mn4+(0.3)/Mn3+(0.7) ratio. The high values of 
CM are evidently due to a small amount of short range order 
which persists up to 400 K. Magnetic data for the calcined 
powder heated in argon are shown in Figs. 1(b) and 2(b). For 
LMO there is a decrease in Tc, 0, and as, but for LYCMO, 
although a large decrease in Tc is obtained, 6 and as change 
very little. In addition, the reciprocal susceptibility for LY- 
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TABLE I. Preparation and structure for powdera LMO and LYCMO. 

Figure Preparation        X ray (room T)       Neutron diffraction 

1(a) Calcined in air      Rhombohedral 
LMO 16 hrs, 1050 °C Perovskite 

1(b) 1(a) in argon        Orthorhombic      Canted or mixed < Tc 

LMO 1 h, 1050 °C No structure >TC 

2(a) Calcined in air Cubic 
LYCMO      16 h, 1050 °C 

2(b) 2(a) in argon Cubic Ferro structure <TC 

LYCMO       1 hr, 1350 °C No structure >TC 

The bar samples Figs. 3-6 are sintered and subsquently oxygen annealed. 

CMO [(Fig 2(b)] now shows a significant departure from 
linearity indicating short range order or clusters of Mn mo- 
ments, an effect also found in films.5 The change in LMO 
due to argon annealing shows 6<TC, meaning that negative 
exchange interactions are now present. Such interactions 
cause partial antiferromagnetic alignment of the Mn mo- 
ments. As we can note from Table I, neutron diffraction mea- 
surements have peaks indicating that there is a canted or 
mixed magnetic structure6 composed of ferro- and antiferro- 
magnetic regions. The most probable magnetic structure for 
LMO can be obtained by comparing the transverse (AF) and 
parallel (F) spin components from neutron diffraction peaks 
with estimates of AFIF from magnetization data. We find 
very poor agreement for a canted structure, but for a mixed 
phase the volume ratio AFIF is in better agreement for the 
two sets of measurements if we use the high field magneti- 
zation data. We also note that there is a change in crystal 
structure7 for LMO going from a rhomboheadral cell for the 
calcined powder to an orthorhombic cell for the argon an- 
neal. This may be also a reason for the decrease in Tc and crs 

and the mixed magnetic structure. As we shall discuss, this 
sample has lost its electrical conductivity and is now a semi- 
conductor. As seen in Table I, the powder LYCMO remains 
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FIG. 2. (a) Plots of <r and l/yM for LYCMO powder after the initial calcine. 
Note the similarity to calcined LMO in Fig. 1(a). (b) Magnetic data for 
LYCMO powder after annealing in argon. 

the same cubic perovskite for both the calcined and the argon 
anneal. The neutron diffraction measurement did not indicate 
any magnetic structure above Tc in the region of short range 
order, nor was it possible to establish that clusters of aligned 
Mn magnetic moments exist because of statistical uncer- 
tainty in the data. Below Tc a ferromagnetic structure is ob- 
served. 

Our second group of measurements is on sintered 
samples. Bars are cut approximately 10X 3 X 1 mm3 for both 
the magnetic (Figs. 3 and 4) and the magnetoresistance stud- 
ies (Figs. 5 and 6). The high temperature sintering causes a 
loss of oxygen and the magnetic properties of the sintered 
bars are similar to the powder argon annealed samples in 
Figs. 1(b) and 2(b). To make the sintered samples similar to 
the calcined powder ones we heat the sintered samples in 02 

for 60 h at 800-950 °C. Let us consider first the LMO in Fig. 
3 where the conversion by oxygen anneal in Fig. 3(b) is only 

Temperature (K) 

FIG. 1. (a) Plots of magnetization <r (emu/gm) and reciprocal molar suscep- 
tibility VXM 

VS
 T f°r (LMO) calcined powder, (b) Data for LMO after 

annealing in argon. 

Temperature (K) 

FIG. 3. (a) Magnetic data for the sintered bar sample of LMO. (b) Magnetic 
data for the oxygen annealed bar sample of LMO. 
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FIG. 4.  (a) Magnetic data for the sintered bar sample of LYCMO. (b) 
Magnetic data for the oxygen annealed sample of LYCMO. 

partly successful. In addition, the sharp drop in the \IXM 
at 

250 K in the original sintered sample is probably due to a 
low percent inhomogenous oxygen content. The CMR plots 
of the two LMO samples are shown in Fig. 5. The sintered 
sample in Fig. 5(a) has a very small response to an applied 
field of H=40 kOe and exhibits a large nonmetallic resistiv- 
ity. Figure 5(b) shows LMO after the 02 anneal. Now the 
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FIG. 6. (a) Resistivity vs T for sintered LYCMO at H = 0 and H = 40 kOe in 
Fig. 4(a). The CMR is about 2500% at 150. (b) Resistivity vs T for oxygen 
annealed LYCMO at H=0 and tf=40 kOe in Fig. 4(b). The CMR is about 
300% at 2. 
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FIG. 5. (a) Resistivity as a function of T at H=0 and //=40kOe for the 
sintered LMO bar in Fig. 3(a). The percentage change in magnetoresistance 
at 100 K is about 5%. (b) Resistivity vs T at H=0 and //=40kOe for 
oxygen annealed LMO in Fig. 3(b). The CMR maximum for 7"= 200 K is 
100%. The CMR can be calculated from rho (pn=o~Pff=40kOe) IPH=m\Ot- 
The CMR extended down to low temperature is probably due to a canted or 
mixed magnetic structure that remains after annealing. 

(oxygen anneal) 
b>. 

- u—-^ \^-H=0 - 

H=40 kOe-^ 
- 

'        ' i        t        i 

resistivity has dropped to 2 O, cm at 100 K compared to 106 

fl cm before the 02 anneal. The maximum CMR for the 
annealed LMO is about a 100% change at rc«=200K. The 
CMR measure- ments for LYCMO are given in Figs. 6(a) 
and 6(b) where the CMR is 2400% at 150 K for the sintered 
sample and 300% after the 02 anneal. If the CMR depends 
on short range order clusters4 with polaron formation8 or 
hopping,9 the raising of Tc decreases these effects. 
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Single-crystalline and nontextured poly crystalline thin films of La0.7Pb03MnO3_5 (LPMO) and 
La0.7Ca0.3MnO3_(5 (LCMO) have been prepared by pulsed laser deposition and by magnetron 
sputtering, respectively. The oxygen deficiency 8 of the samples was controlled by heat treatments 
under defined oxygen pressure. For 8^0, the polycrystalline as well as the single-crystalline films 
are ferromagnetic metals with Curie temperatures Tc of 220-270 K. At low temperatures T< Tc, 
the polycrystalline LCMO films show a negative magnetoresistance ratio (MR) at T= 20, 77, and 
180 K of -30%, -20%, and -8%, respectively, for a field of 1.5 kOe. At 20 K, around 200 Oe, 
the field sensitivity is as high as - 0.5% (Oe)~l. A possible mechanism for this phenomenon is the 
spin-polarized tunneling through grain boundaries. For the single-crystalline films, the change of 8 
from 0 to about 0.1 has a similar effect as changing the doping level x from 0.3 to 0.1, namely, a 
transition from a ferromagnetic metal to a ferromagnetic insulator. By variation of 8, the 
low-temperature resistivity of these samples can be controlled within many orders of magnitude. 
The negative MR of oxygen-deficient single-crystalline LPMO and LCMO films was found to be as 
large as -20% at T=0.2TC.   © 1998 American Institute of Physics. [S0021 -8979(98)38111 -6] 

Manganese oxides (R3+)(1_;t)(A
2+).tMn03 (R=La or 

rare earth metals, A=Ca, Sr, Ba, Pb, x = 0.2-0.4) have been 
intensively studied as a colossal magnetoresistance effect 
(CMR) is observed near the ferromagnetic ordering of the 
Mn spins.1 The Curie temperature (Tc) is associated with a 
metal-insulator transition. Recently, polycrystalline samples 
were found to exhibit large magnetoresistance in a tempera- 
ture range T< Tc, that appears in low magnetic fields and 
therefore is a step towards practical application of these 
materials.2 The transport process of carriers through the 
structurally and magnetically disordered grain boundary is 
under investigation.3-5 

The properties of these manganese oxides with perov- 
skite structure strongly depend on the oxygen content that 
influences the carrier density and the magnetic ordering. 
Spin-glass behavior has been reported for oxygen deficient 
samples.6 There is, however, a lack of systematic investiga- 
tions elucidating the dependence of the magnetic and trans- 
port properties on the oxygen content. 

The aim of our work was to investigate the low-field MR 
effect in polycrystalline thin films at T< Tc. A further inten- 
tion was to study the influence of oxygen deficiency on the 
magnetotransport at low temperatures. 

Single-crystalline films of Lao7M03Mn03_,5 (M=Ca, 
Pb) were prepared on LaA103 (100) substrates by pulsed 

a)Also at International Laboratory for High Magnetic Fields and Low Tem- 
peratures, 53-529 Wroclaw, Poland. 

laser deposition and by radio-frequency magnetron sputter- 
ing, respectively. Nontextured polycrystalline films were 
grown on MgO and Y-stabilized Zr02 (YSZ) substrates by 
magnetron sputtering. The oxygen deficiency 8 was con- 
trolled by heat treatments at 300-900 °C under an oxygen 
pressure of 10~3-10~2 Pa. The structure of the films was 
investigated by x-ray diffraction including pole figure mea- 
surements. Magnetic and magnetotransport measurements 
were carried out in a Lake Shore susceptometer and in a 
superconducting quantum interference device magnetometer. 
The resistance R of the samples was measured in dependence 
on temperature and magnetic field H, up to 70 kOe, by the 
usual four-probe technique. The magnetoresistance ratio is 
determined as MR=[R(H)-R(0)]/R(0). 

In contrast to single crystals and single-crystalline films 
of stoichiometric Lao.7M03Mn03 (M=Sr, Ca, Ba, Pb), poly- 
crystalline films5'7 and ceramic samples2 exhibit considerable 
magnetoresistance at temperatures far below Tc. This effect 
occurs in low magnetic fields and increases with decreasing 
temperature as shown in Fig. 1 for a polycrystalline 
Lao7Cao3Mn03 film grown on YSZ. The most pronounced 
resistance drop appears in small fields #<500 Oe (inset of 
Fig. 1). The coercive field of this film is about 100 Oe. The 
increased slope of MR vs H for the 160 K curve, compared 
with that of the low temperature curves, for fields H 
> 10 kOe is attributed to the suppression of thermally acti- 
vated spin fluctuations (i.e., the CMR effect near Tc). 

The charge transport in polycrystalline manganites is af- 
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FIG. 2. Magnetoresistance ratio vs square of magnetization normalized to 
the value measured at H = 50 kOe, for the sample of Fig. 1. 

fected by grain boundaries because of their structural and 
magnetic disorder. As a possible transport mechanism, spin- 
polarized tunneling (SPT) of electrons through the grain 
boundaries was proposed.2 The spin-polarization factor of 
the density of states at the Fermi level should be very high in 
these compounds.8'9 The tunneling probability will be re- 
stricted by a nonparallel orientation of the magnetization of 
adjacent grains. Gupta et al.5 have shown by Kerr micros- 
copy that grains of several microns in size often coincide 
with the magnetic domains and are characterized by their 
individual switching field in the magnetization process. Our 
films show a nearly complete saturation of magnetization at 
fields of 3-5 kOe for T<TC. Therefore, the main part of the 
resistance drop in #<2kOe (Fig. 1) is attributed to SPT. 
Magnetic scattering by magnetic disorder in the grain- 
boundary region could be responsible for the further decrease 
of resistance observed in an increasing magnetic field H 
>5kOe (Fig. 1). This decrease is much stronger than that 
found for single-crystalline samples. 

One aim was to check if the observed MR behavior in 
low magnetic fields is compatible with spin-polarized tunnel- 
ing. In some field interval 0<H<Hx, a linear dependence 
of the MR on the square of the normalized magnetization 
was found for several polycrystalline films: MR(//) 
=a+b [M(H)/M(50 kOe)]2 (Fig. 2). For the sample of Fig. 
2, we find ff,= 1.2kOe, a~0, and b= -0.21. This is con- 
sistent with the first term in the high temperature expansion 
of the MR for SPT given by Hwang,2 

MR(H,T)=-JP/(4kT)[m(H,T)2-m(0,T)2], (1) 

where J is the intergrain exchange constant, P is the spin- 
polarization factor, and m is the magnetization normalized to 
the saturation value. 

In order to examine the temperature dependence of the 
low-field contribution, MR*, to the magnetoresistance, we 
extrapolated the MR(H) curve from H> 10 kOe to zero field 
using a polynomial fit. The intersection point at the vertical 
axis (H = 0) gives the value of MR*. At low temperatures, 
r<0.irc, a saturation of MR* is found. With increasing 

temperature, MR* drops rapidly. MR* proportional to T~\ 
according to Eq. (1), is only observed for a small tempera- 
ture interval around l/2Tc. 

If the magnetic field is increased above technical satura- 
tion, the MR grows continuously without a significant in- 
crease of magnetization (Fig. 2). [Because of a not exactly 
known diamagnetic contribution of our substrates, small 
changes of film magnetization in high fields (<10%) cannot 
be detected.] This increase in MR is ascribed to an ordering 
of the spins in the grain-boundary region by the high field. 
Such an ordering should influence the resistance of the grain 
boundary via the double-exchange mechanism,5 but it has a 
small effect on the total magnetization. 

A considerable low-temperature MR arises in single- 
crystalline films of La07Cao.3Mn03_5and La07Pb03MnO3_,5, 
after the oxygen content has been reduced (<S>0) by anneal- 
ing. This low-temperature MR is small in low magnetic 
fields and does not saturate in magnetic fields up to 50 kOe 
(Fig. 3, for a LPMO sample). In the inset of Fig. 3, three 
La07Pb03MnO3_,jfilms with reduced oxygen content [8(A) 
<8(B\)<8(B2), prepared from one original sample] are 
characterized by their temperature dependence of resistance. 
The curves resemble those of La1_jSrtMn03 samples with a 
doping level of x = 0.1-0.3.10 This should be expected be- 
cause the oxygen deficiency reduces the Mn4+-to-Mn3+ con- 
centration ratio. The insulating behavior of the oxygen- 
deficient samples at low temperatures can be qualitatively 
discussed using the magnetic localization model of Viret 
et al.n Recently, these authors suggested a random magnetic 
potential 

kT0=nia3Um[l-(M/Ms)
2]v (2) 

to be responsible for charge carrier localization, where a is 
the inverse localization length, Um the Hund's rule splitting 
energy, v the cell volume, and Ms the collinear saturation 
magnetization. In this model, the occurance of spin canting 
should lead to insulating behavior at low temperatures when 
M/Ms has a constant value smaller than one. Under the as- 
sumption that spin canting is the only reason for the reduced 
saturation magnetization measured for our oxygen-deficient 
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FIG. 3. Magnetoresistance ratio and magnetization vs field for an oxygen- 
deficient single-crystalline La07Pb0.3MnO3_.Ä film (7"C = 200K) at T 
= 77 K. Inset: resistance vs temperature of three pieces, A, Bl, and B2, of 
an original Lao7Pb03Mn03 sample, annealed in different oxygen atmo- 
spheres resulting in <5(A)<<5(B1)<<5(B2). 

films, we estimate M/Ms(5 K)>0.85 for sample B2 from 
the values of saturation magnetization measured before and 
after the desoxygenation. However, it cannot be excluded 
that magnetic inhomogenity in the sense of a mixture of 
ferromagnetic and nonferromagnetic regions leads to the re- 
duced saturation magnetization and the insulating low- 
temperature behavior of our oxygen deficient samples. The 
resistance data for the low-temperature insulating state of Bl 
and B2 can be well fitted to R(T) = RX, exp(r0/7). This does 
not agree with the variable range hopping (VRH) mechanism 
of Ref. 11. But the idea of magnetic localization should not 
be restricted to this special kind of hopping mechanism and 
therefore is expected to apply to our data. 

In Fig. 4, the temperature dependence of the MR of sev- 
eral oxygen-deficient samples is shown. The MR peak near 
Tc broadens substantially for the LaoyPbojMnC^-g samples 
Bl and B2 which therefore exhibit a considerable MR far 
below Tc. In the inset of Fig. 4, the curves of two 
LaojCao.sMnCV,, samples [<5(5)«0, 5(51)«0.07] are 
shown for comparison. The MR of the oxygen deficient 
sample S1 has a second maximum of MR at a temperature 
Ti<Tc. It is possible that for Bl and B2 this low- 
temperature maximum of the MR is there, but it overlaps the 
main peak around Tc. The estimated peak temperature Tl 

for Bl and SI nearly equals that of the minimum of R vs T. 
Further work should clarify if the low temperature maximum 
of the MR at Tl is associated with a canted spin structure or 
with magnetic inhomogenity. 

In summary, we have examined the magnetoresistance 
and the magnetization of single-crystalline and polycrystal- 
line films of Lao.7M0 3Mn03_5 (M=Ca, Pb) in the ferromag- 
netic state. For the polycrystalline samples, the value of the 
large negative low-field MR was found to saturate at low 
temperatures and then to drop rapidly with increasing tem- 
perature. A quadratic correlation with the magnetization, MR 

FIG. 4. Magnetoresistance ratio vs temperature for the three single- 
crystalline La07Pb03MnO3_Ä films from Fig. 3. Inset: magnetoresistance ra- 
tio vs temperature for two single-crystalline La07Ca03MnO3_Ä films with 
S(S)~0, <S(S1)~0.07. 

proportional to (M/Ms)
2, was observed in a field range 0 

<H<Hl, a field value near the saturation field of magneti- 
zation. Single-crystalline films undergo a second metal-to- 
insulator transition at low temperatures, after their oxygen 
content has been reduced by an annealing procedure. They 
show a large negative MR at T< Tc, that does not saturate 
up to H =50 kOe. This MR effect due to oxygen deficiency 
may be important for the understanding of the MR of 
oxygen-deficient polycrystalline material. 
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A fully relativistic theoretical description of the magnetic extended x-ray absorption fine structure 
(MEXAFS) is presented that has been set up within the framework of relativistic multiple scattering 
theory on the basis of the Dirac equation for spin-polarized, magnetic solids. The multiple scattering 
processes in the final state are treated using the scattering path expansion technique for finite atomic 
clusters. Results of the approach for the Fe K and the Gd L edges are presented and are compared 
with experiment. An analysis of the theoretical spectra clearly shows that the MEXAFS spectra can 
be interpreted on the basis of the so-called sum rules in a way completely analogous to the case of 
near-edge x-ray magnetic circular dichroism. This means that the K- and Lredge spectra directly 
reflect the orbital polarization of the final states with p character. The L2ytAg& spectra, on the other 
hand, give, after suitable superposition, access to the spin and orbital polarization of the d states. 
© 1998 American Institute of Physics. [S0021-8979(98)51711-2] 

I. INTRODUCTION 

The magnetic extended x-ray absorption fine structure 
(MEXAFS), the analogon to normal EXAFS when using cir- 
cularly polarized radiation, has become an interesting tech- 
nique to study the magnetic short range order around the 
absorbing atom in an element selective manner.1 As for x-ray 
magnetic circular dichroism (XMCD) in the near-edge re- 
gion, the MEXAFS originates from the interplay of spin- 
polarization and spin-orbit coupling. On this basis a phe- 
nomenological model for MEXAFS has been developed by 
Schütz and Ahlers by introducing a spin-dependent back- 
scattering term to conventional EXAFS.2 A more profound 
treatment of MEXAFS using nonrelativistic multiple scatter- 
ing theory for a finite cluster of atoms has been developed by 
Brouder and co-workers3'4 as well as by Ankudinov and 
Rehr.5'6 In both cases, however, spin-orbit coupling and/or 
spin polarization are considered only in an approximate way. 
We present results from a fully relativistic description of 
MEXAFS based on relativistic multiple scattering theory for 
magnetic systems.7 These spectra are discussed on the basis 
of the so-called sum rules. 

II. THEORETICAL FRAMEWORK 

The basis for the calculation of the x-ray absorption co- 
efficient £tx(co) presented below is the conventional 
expression8 

«2 (O,.|Xq
x^G + (£,. + Äcü)XqX|«J),.)0(£,. + ÄW-£f). 

iocc 

(i) 

Here the wave function O, of the involved initial core states 
are solutions to the Dirac equation for a spin-dependent 
potential.9 The electron photon interaction operator XqK de- 
scribes the coupling of the electronic current density operator 
to the vector potential AqK of light with wave vector q, fre- 
quency (o, and polarization \. The final states are represented 
by the Green's function:8 

G + (r„,r„,£)= S ZA(r„,£)T^A,Z^,(r„,E) 
AA' 

■2 ZACI-O^-MI^E), (2) 

with the wave functions ZA and 7A [A = (/ii,K)] being the 
regular and irregular, respectively, solutions to the Dirac 
equation. Finally, the quantity T™'A, is the so-called scatter- 
ing path operator that consistently represents all multiple 
scattering events within a solid and has to fulfill the self- 
consistency condition: 

(3) 

''Electronic mail: ahlers@physik.uni-wuerzburg.de 

where t" is the single site t matrix for site n and Gnk is the 
free electron propagator connecting sites k and n. For the 
EXAFS region it is sufficient to account only for multiple 
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scattering paths within the vicinity of the absorbing atom. 
Therefore it is possible to reduce the problem to a cluster of 
limited size. In that case Eq. (3) can be inserted repeatedly 
into itself, yielding for T™A, in Eq. (2) a series of scattering 
paths with increasing complexities. 

From these considerations it is obvious that there is no 
fundamental difference for the x-ray absorption in the near 
edge and EXAFS regions. Therefore the question arises as to 
whether the interpretation of the XMCD spectra with the 
so-called sum rules also holds for the EXAFS region. As 
derived by Igarashi and Hirai,10 Carra et al.n and Thole 
et al.,12 the sum rules can be expressed as 

Sfic(K)/EdE      3 
(h)P. (4a) JMK)/EdE    Nhp 

\ 

\ 

3N 
[ßc(L3)-fic(L2)]dE= —- {{az)d+l{Tz)d), 

AN 

[2f*c(L3) + ßc(L2)]dE = 

hd 

3N 

2N, hd 
(h) z/d- 

(4b) 

(4c) 

Here £tc(X) (X=K, L2, L3) are the circular dichroism spec- 
tra, i.e., they give the difference in absorption for left and 
right circularly polarized radiation at the various edges. N is 
the sum of the energy integrals for all partial absorption 
spectra and Nhl is the number of holes for angular momen- 
tum character 1. The expectation values (crz) and (lz) give 
the spin and angular momentum of the absorber atom and 
(Tz) is a measure for the asphericity of the spin magnetiza- 
tion that can be neglected in most cases. 

III. EXPERIMENTAL DETAILS 

The experiments were performed at the RoMo II station 
at the HASYLAB in Hamburg using the two beam transmis- 
sion mode. The estimated intensity of the beam monochro- 
matized by a Si(lll) double crystal was 107-108 

photons/s eV with a circular polarization of 60%-70%. The 
spectra were sampled alternating the external magnetic field 
every second at each energy point. A magnetic field of B0 

= 0.2 T was applied and the Gd sample was cooled to 150 K. 
The measured quantities of the experiment are the 

spin-averaged absorption coefficient /j,0(E)=^[fi+(E) 
+ fi~(E)] and the corresponding dichroic signal /ULC(E) 

= ^[/j, + (E)-fi~(E)] for parallel (+) and antiparallel (—) 
orientation of the photon "spin" to the spin of the majority- 
like electrons in the sample. The spin-averaged EXAFS 
spectra Xo(E) = [>o(£) - /*atom(£)]//"atom(£) have been de- 
duced in the conventional way by subtracting the free atom 
absorption fiMom. The MEXAFS spectra are denoted as the 
difference Xc(E) = [ßc(E)/ßaiom(E)]/(Pc-Mz). They are 
rescaled for full circular polarization Pc=\ and complete 
alignment of the sample magnetization along the photon k 
vector Mz= 1. 

IV. APPLICATION TO Fe AND Gd 

In Fig. 1 we compare the results of our theoretical cal- 
culations and the experimental spectra for the Fe K edge in 
body-centered-cubic (bcc) Fe. The top panel gives the con- 

600 
E[eV] 

FIG. 1. X-ray absorption spectra at the K edge of Fe. Top: absorption for 
unpolarized radiation Xo(E)- Bottom: dichroic signal xc(

E)- 

ventional EXAFS Xo(E) with the characteristic oscillations 
in the high energy region. In the lower panel the magnetic 
EXAFS signal Xc(E) is shown. The dichroic signal is about 
three orders of magnitude smaller than the normal EXAFS 
and therefore even less pronounced than in the XANES re- 
gion. For the calculations a cluster of eight neighboring 
shells with 113 atoms and a radius of 6.4 Ä was used. The 
path expansion considered paths with up to two scattering 
centers and a total length of 7.5 Ä. The orbital momentum 
expansion was carried to /max=7. In both cases the overall 
agreement with the experimental data is very satisfying. All 
significant features of the spectra are reproduced by the the- 
oretical calculations in a correct way. Here one has to note 
that Xc(E) is obtained in quantitative agreement without any 
adjustable parameter. The overestimation of the magnitude 
of the oscillations at very high energies in the normal 
EXAFS can be explained by the fact that lattice vibrations 
are not yet incorporated into our model. The smaller dichroic 
signal at low energies is caused by the limited size of the 
cluster used. In particular longer and high order scattering 
paths contribute to the signal in this region. 

In Fig. 2 the results at the Gd L edges in hexagonal- 
close-packed (hep) Gd are compared with experiment. While 
the left panel shows the conventional EXAFS, the dichroic 
signal is given in the right. The amplitude of the dichroic 
signal at the L edges is only one order of magnitude smaller 
than the normal EXAFS and hence much larger than at K 
edges. A cluster of six shells with 38 atoms was used in the 
calculation considering all paths with up to two scattering 
centers and a total length of 7 Ä. The orbital momentum was 
again limited to /max=7. There is a small underestimation of 
the EXAFS oscillations in the calculated results at energies 
below 130 eV. Also the dichroic signal at the Lj edge is 
larger in the experiment than was predicted by the calcula- 
tion. Nevertheless all features in the spectra are reproduced 
in a very satisfying way. The pronounced features at about 
150 eV are attributed to so-called magnetic multiple electron 
excitations (MMEEs)13 and can obviously not be reproduced 
by our model. 
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unpolarized radiation Xo(E)- Right: dichroic signal xdE)- 

The theoretical approach presented above opens the way 
for a very detailed interpretation and analysis of the 
MEXAFS spectra. Thinking of the absorption as a local pro- 
cess at the absorbing atom the primary physical information 
to be read from these spectra can be obtained on the basis of 
the sum rules. As was demonstrated for the XANES region 
by various authors,14,15 the differential form of the sum rules 
for the K and L, edges allows one to connect xdE) t0 tne 

orbital polarization d(lz)p/dE of the p states. 
In Fig. 3 the orbital polarization is shown together with 

the experimental data for the Fe K and the Gd Lx edges. It is 
obvious that all the prominent features of the spectra can be 

200 400 
E[eV] 

600 

FIG. 3. Orbital-d(/z)p IdE polarization for the p states of Fe and Gd com- 
pared with the dichroic signal. 

FIG. 4. Sp'm-d(<Tz}d/dE and orb\ta\-d{lz)d/dE polarization for the d states 
of hep Gd compared with those extracted from the experimental data using 
Eq. (4). 

related to the structure of the orbital polarization. This gives 
strong evidence for the applicability of the K- and Lredge 
sum rule even up to very high energies. 

In Fig. 4 the theoretical spin and orbital polarizations as 
extracted by Eq. (4) are compared with the same quantity 
determined from the experimental data. The strong peak in 
d(lz)dldE is related to the MMEE mentioned above. Due to 
the spectroscopic ground state 8S1/2 an orbital polarization of 
the 5d states is introduced only by spin-orbit and exchange 
effects and adds «0.25/JLB to the total magnetic moment of 
7.64/xß.

16 Accordingly, the spin polarization is about 10 
times as large as the orbital contribution. Apart from the 
deviation in the spin polarization at about 120 eV the agree- 
ment is satisfactory. Inspite of the uncertainty for the orbital 
polarization because of the limited experimental resolution 
these results give a clear indication that the sum rules are not 
limited to the circular dichroism in the XANES region. 
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Spin-dependent extended x-ray absorption fine structure 
in magnetic oxides 
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The spin-dependent extended x-ray absorption fine-structure (EXAFS), i.e., the magnetic 
counterpart to the conventional EXAFS when using circularly polarized light in a ferro(i)magnet, 
was measured at the L23 edges of Eu in Eu3Fe5012 and EuO and at the K edge of Cr02. 
Complementary near-edge x-ray magnetic circular dichroism measurements at the O K edge were 
made to directly access the oxygen magnetization. It is shown that there is an influence of the nearly 
nonmagnetic oxygen atoms on the magnetic EXAFS depending on the local symmetry of the crystal 
as well as on the relative direction of the magnetic moments of neighboring atoms. The observed 
influences at distances corresponding to the oxygen neighbors in EuO are interpreted as the 
harmonic focusing effect, i.e., over-next magnetic neighbors behind the oxygen are responsible for 
the observed contributions.   © 1998 American Institute of Physics. [S0021-8979(98)51811-7] 

I. INTRODUCTION 

Since the first observation of a magnetic contribution to 
the extended x-ray absorption fine structure (EXAFS),1 spin- 
dependent EXAFS (SPEXAFS), this new spectroscopic 
method has evolved to provide new attractive possibilities to 
study the magnetic short range order in ferro(i)magnetic 
materials.2 From a variety of systematic studies the relative 
amplitude of the dichroic contribution is found to be directly 
proportional to (a) the spin polarization (az) of the photo- 
electron ejected after absorption of a circularly polarized 
photon and (b) the average spin moment of the neighboring 
coordination shells. Since the spin polarizations (crz)(L3) 
= 0.25 and (az)(L2)= -0.50 are related by a factor of -2, 
the ratio between the L23-edge dichroic signals can be used 
to test the polarization dependence of the SPEXAFS model. 
At the K edge the spin polarization (az)(K)~0.03 is very 
small since there is no spin-orbit coupling in the initial state. 
The correlation of the SPEXAFS to the spin moment can be 
expressed in terms of the amplitude maxima of the Fourier 
transform (FT):3 

1    max{FT[xc(fc)]} 

<<7Z> max{FT[xoW]} 
= +2.4(2)% fis(fiB), (1) 

where /ms is the average spin moment of the neighboring 
shell. In this article we report on new precise measurements 
of the L2/3 edges of Eu in EuO and Eu3Fe5012 and the K 
edge of Cr in Cr02 focusing on the role of the oxygen next 
neighbors in the SPEXAFS signal. 

II. EXPERIMENTAL DETAILS 

The experiments in the hard x-ray regime were per- 
formed at the RöMo II station at the HASYLAB in Hamburg 
using the two beam transmission mode. For EuO a magnetic 
field of B0 = 0.5 T was applied and the sample was cooled to 
10 K. Eu3Fe5012 and Cr02 were measured at room tempera- 

"'Electronic mail: ahlers@physik.uni-wuerzburg.de 

ture with B0 = 0.25T. The O K edges of Eu3Fe5012 and 
Cr02 were recorded at the SX700/III station at BESSY using 
the total electron yield technique. The same mode was used 
for the O K edge of EuO at the Dragon beamline at the 
ESRF. The sample conditions were identical to those of the 
hard x-ray experiments. In the experiment the measured 
quantities were the spin-averaged absorption coefficient 
fjt,0(E) = ^/jL+(E) +/JL~(E)] and the corresponding dichroic 
signal fic(E) = ^[fi+(E)-//,"(£)] for parallel (+) and an- 
tiparallel (-) orientations of the photon "spin" to the spin 
of the majoritylike electrons in the sample. The spin- 
averaged EXAFS spectra Xo(k) = [fi'o(k) 
"MatomWVA'atomW were deduced with the free atom ab- 
sorption /U,atom. The SPEXAFS spectra are denoted as the 
difference Xc(k) = [Mk)/ß!itom(k)V[Pc-Mz]. They are 
rescaled for full circular polarization Pc=\ and complete 
alignment of the magnetization Mz= 1. For the Fourier trans- 
formation all spectra were weighted with k1 and folded with 
a Kaiser-Bessel window. 

III. RESULTS AND DISCUSSION 

A. The garnet Eu3Fe5012 

Garnets form an overall cubic lattice [space group 
Ia3d(0]^)]. The metallic ions are distributed over three dif- 
ferent lattice sites: two octahedral sites A (Fe3+), three tet- 
rahedral sites D (Fe3+), and then three dodecahedral sites C 
(Eu3+). All ions are coupled by superexchange via oxygen 
atoms in general positions H. The A and D lattices are 
coupled strongly antiparallel, whereas the A and C lattices 
are weakly parallel. In the upper panel of Fig. 1 the spin- 
averaged Xo(k) and the spin-dependent Xc(k) signals are 
presented. Since the Eu L3 edge at 6977 eV is followed by 
the Fe K edge at 7111 eV, the usable range of the L3 edge 
Xo(k) is very short. The ratio of -2 is conserved in the 
SPEXAFS, indicating that the orbital moment does not con- 
tribute to the magnetic scattering. One immediately notices 
that the normal and magnetic signals differ drastically in the 
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FIG. 1. Top: The xo(k) (dotted line) and Xc(k) (solid line) spectra of Eu at 
the L23 edges. Bottom: The FT [xo(k)] (dotted line) and FT [xcW] (solid 
line) spectra. Due to the interference of the Fe K edge the transformation 
interval for xo is very short. Since the photoelectron polarization at the K 
edges is small, one can neglect this influence when transforming xc ■ 

frequency of their oscillation. Looking at the Fourier trans- 
forms in Fig. 1 this observation becomes more clear. Typical 
for oxides, the FT of Xo(k) is dominated by the strong first 
maximum resulting from the next oxygen neighbors. The 
second peak, due to the limited resolution at the L3 edge that 
is only visible in the L2 FT, indicates the positions of three 
next-neighbor shells occupied by 2 Fe on D, 4 Fe on A, 4 Fe 
on D, and 4 Eu on C sites, respectively. All peaks appear at 
slightly smaller distances as is expected from the crystal 
structure. In the EXAFS analysis such a shift is connected 
with the k dependence of the scattering phase and is nor- 
mally in the order of 0.3-0.5 Ä. The FT spectra have not 
been corrected for this shift since such a correction for the 
SPEXAFS would be arbitrary. In the FT of the L2>3 

SPEXAFS the prominent oxygen peaks have vanished due to 
an increase in the maxima at 3.3 and 5.7 A. By forming the 
ratio of the FT lines at 3.1 Ä, applying the formalism of Eq. 
(1), one obtains an estimation of the average spin-moment 
buildup in the three unresolvable shells of /msp = 4.9fiB. This 
is somewhat larger than the theoretical sum of the individual 
moments of 4A/JLB , but can be explained by the differences 
in the distance of these shells. Nevertheless the results pre- 
sented indicate that the strength of the SPEXAFS is corre- 
lated to the magnetic moment of the backscattering atoms. 

B. The half-metal Cr02 

Chromium dioxide belongs to a class of transition-metal 
dioxides with a rutile structure and a predicted half-metallic 
character.4 Ferromagnetic ordering sets in at Tc=392 K, the 
coupling mediated by the 02+ ions via superexchange. The 
left panels of Fig. 2 show the spin-averaged Xo(k) and spin- 
dependent Xc(k) measurements at the Cr K edge. Note that 
due to the small photoelectron polarization (crz)~ 1.2% the 
dichroic signal is extremely small. As for the garnet, two 
different frequencies of oscillation are observed which is 
confirmed in the FT spectra in the right hand panels of Fig. 
2. The spin-averaged spatial distribution VT[xo(k)] is domi- 

FIG. 
edge 
right. 

468     10      0246 
k [1/A] r [A] 

2. The spin-averaged (top) and the dichroic signal (bottom) at the Cr K 
in Cr02 (left). The corresponding Fourier transforms are shown at the 

nated by three peaks originating from 6 O (1.4 Ä), from 6 Cr 
(2.5 Ä), and from 16 O (3.2 Ä) neighbors, respectively. In 
the spin-dependent distribution FT[xc(£)] only one major 
peak is visible at 2 Ä, and it is shifted by almost 0.5 Ä 
towards smaller distances than is the Cr peak in the EXAFS. 
That only one peak remains clearly indicates that this peak 
must be attributed to the Cr shell. Applying Eq. (1) to these 
Cr lines gives a magnetic moment of 2.0fiB, in good agree- 
ment with theoretical predictions.4 The reason for the large 
shift, at this size it has not been seen before in a comparison 
between EXAFS and SPEXAFS might be due to the band- 
like character of the magnetism of Cr02. The strong delocal- 
ization of the magnetic electrons is surely influencing the 
spatial distribution of the SPEXAFS. 

C. The chalcogenide EuO 

The divalent europium chalcogenides are very represen- 
tative of simple isotropic Heisenberg magnets. In these semi- 
conductors the magnetic Eu2+ ions (ground state sS1/2) form 
simple face-centered-cubic (fee) lattices. Two coupling 
mechanisms are considered for EuO: the direct interaction 
between the Eu neighbors and the coupling of the Eu ions via 
superexchange of the oxygen. The extracted spin-averaged 
Xo(k) (dotted line) and the spin-dependent Xc(k) signal 
(solid line) are presented in the top panel of Fig. 3. Looking 
at the frequency of the oscillations, a difference is not seen 
here. The FT for EuO, displayed in the bottom panel of Fig. 
3, supports this finding. Since the spectra were recorded at 
10 K, damping by the Debye-Waller factor, representing 
lattice vibrations, is almost negligible, thus extending the L3 

EXAFS far into the L2-edge region. This effect becomes 
visible at the L2-edge FT in the large unexpected peak at 
about 1.6 Ä. The first line at 2.2 Ä corresponds to the first 
oxygen coordination shell. The second line at 3.4 Ä repre- 
sents the next Eu neighbors. An approximation of the aver- 
age moment of the neighboring Eu shell using Eq. (1) yields 
6.2/xB. The same procedure for the oxygen peak, however, 
leads to the unrealistic value of 5.9/AB . We believe that the 
contributions at the oxygen sites are caused by a focusing 
effect. In EXAFS analysis this well known phenomenon de- 
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FIG. 3. Top: The Xo(k) (dotted line) and xc(
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line) spectra. The unexpected lines at 1.6 Ä in the L2-edge FT are tails from 
the EXAFS at the L3 edge. 

scribes the fact that those shells directly behind closer neigh- 
bors appear stronger in the Fourier analysis than that esti- 
mated by their simple distance.5 The outgoing photoelectron 
wave experiences the potential of the first neighbor as a kind 
of a lens, focusing it on the over next neighbor. This way the 
effective amplitude is enhanced. In the case of EuO we have 
a higher harmonic of this effect. A wave corresponding to 
the oxygen distance effectively interferes also when scattered 
at the Eu neighbor behind the oxygen, the distance being 
twice as large. So if one imagines the wave with a knot at the 
oxygen site, one sees the full spin moment of the Eu atom in 
the SPEXAFS at the oxygen position. 

D. The oxygen measurements 

Figure 4 shows the near-edge x-ray magnetic circular 
diochroism (XMCD) spectra of the oxygen K edge in 
Eu3Fe5012, EuO, and Cr02. The spin-averaged absorption 
IXQ{E) (left) is characterized by the typical narrow first peak 
and a broad second peak which for the garnet is almost twice 
as high as that for EuO. The absorption profile for Cr02 is 
even more complex. Since Cr02 is not stable, there is a sur- 
face contamination with Cr203. The characteristic line at 531 
eV, however, is only visible for Cr02 and can be used to 
estimate the concentration. The amplitude of the spin- 
dependent signal fic(E) (right) is in all cases very small. In 
the Eu compounds the dichroic oxygen signal displays a very 
complex structure with effects of the order of only 0.5%. 
There are two dispersive structures visible at 530 and 536 
eV, the former with the same sign as that for Eu3Fe5012 and 
EuO, the latter, however, with the opposite sign. Possibly 
this is an effect of the ferrimagnet Eu3Fe5012, where the 
magnetic moments neighboring the oxygen cite are coupled 
antiparallel. The oxygen K-edge dichroism in Cr02 is much 
simpler and amounts to 1%. Only one dispersive structure is 
found, indicating that the coupling mechanism is less com- 
plex. Although a final interpretation of the oxygen spectra is 
still to be made, there is no hint about a particular large 
moment in the case of EuO. 
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FIG. 4. The spin-averaged (left) and the dichroic signal (right) at the O K 
edge in Eu3Fe5012 (top), EuO (center), and Cr02 (bottom). The spectra are 
normalized to 1 for the first peak in the spin-averaged absorption. The struc- 
ture of the dichroic signal is extremely complex. 

IV. CONCLUSION 

New results of magnetic EXAFS measurements on mag- 
netic oxides were presented. The contribution of the oxygen 
to the dichroic signal was thereby very different for the dif- 
ferent compounds. In Eu3Fe5012 there was no contribution 
by the oxygen to the SPEXAFS at all. In the half-metal Cr02 

the next magnetic neighbor shell was shifted twice as much 
towards smaller distances than the corresponding electronic 
shell, indicating an influence particular on the magnetic scat- 
tering phase. In EuO a strong peak occurs at the oxygen 
position, which cannot be explained by oxygen magnetiza- 
tion. We believe that we have shown that the focusing effect, 
well known in EXAFS analysis, gives a reasonable explana- 
tion of the observed phenomenon. Further experiments using 
Compton and neutron scattering to accurately determine spin 
and orbital moment distributions and theoretical calculations 
are needed to clarify the specific details of these phenomena. 
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The combination of x-ray magnetic circular dichroism (X-MCD) with anomalous small angle x-ray 
scattering (ASAXS) allows to determine size distributions and correlations lengths in the nanometer 
range of magnetic precipitates in granular systems. Results on an amorphous GdFe system with a 
pronounced perpendicular magnetic anisotropy are reported. Standard ASAXS measurements taken 
at the Fe K edge provide information on the electronic structure yielding a correlation maximum at 
75 Ä and an average particle radius of 6 Ä. The magnetic scattering curves (MASAXS) were 
obtained at the corresponding Gd L3>2 edges. Their intensities can be explained by magnetic 
contributions to the anomalous scattering factors /' and/". A change of sign in the MASAXS is 
observed between profiles taken at the L3 and the L2 edge and with the change of circular 
polarization as expected from X-MCD. © 1998 American Institute of Physics. 
[S0021-8979(98)24911-5] 

I. INTRODUCTION 

A fundamental understanding of magnetic microstruc- 
tures is an outstanding challenge both in current research of 
magnetism and its technological applications. Thereby reli- 
able information on the electronic and magnetic structure on 
a typical length scale of 1-100 nm is mandatory. Among 
other recent observations of novel phenomena like the occur- 
rence of the GMR, quantum oscillations or the magnetic in- 
terface anisotropy in magnetic thin films or multilayered sys- 
tems, the origin of the perpendicular magnetic anisotropy in 
granular thin GdFe films is in particular still an open prob- 
lem. 

An established technique to study size distributions and 
correlations of particles in the nm range is the small angle 
x-ray scattering (SAXS). Using tunable x rays with high bril- 
liance being available at synchrotron sources the mode of 
contrast enhancement (anomalous SAXS=ASAXS) can be 
engaged, i.e., involving the element-specific anomalous scat- 
tering amplitude f'(E), which varies with energy by about 
20% in the vicinity of absorption edges, thus providing more 
detailed structural information on multicomponent systems. 

In a two-phase model the scattering contrast Ac in 
SAXS is given by (nl-fl-n2-f2) with nt, /,- being the 
density and atomic scattering amplitudes of phase i. The 
cross section da/dCl is proportional to Ac2 which in the 
case of anomalous scattering can be related to (nl = n2) 

^\f(E,Z)\2=\f0+f(E) + if"(E)\2, (1) 

with the atomic form factor/0 = Z (atomic number) and/' 
and f" being the additional anomalous contributions. /' and 
/" are connected to each other via a Kramers-Kronig rela- 
tion, whence /" can be related to the absorption coefficient 
/x(E) via the optical theorem 

mc   E 
(2) 
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The effect of x-ray magnetic circular dichroism (X- 
MCD), i.e., the dependence of the absorption of circular po- 
larized x rays on the projection of the magnetization onto the 
photon propagation direction (ez) in ferromagnetic samples1 

occurs in the vicinity of inner-core absorption edges. Due to 
angular momentum conservation in the absorption process 
the photoelectron acquires both an expectation value of the 
spin (az) and the orbital (lz) momentum projected onto ez. 
It can therefore serve as a local probe for the spin and orbital 
polarization of the absorbing atom according to the principle 
of Pauli. (<JZ) amounts to -50% and +25% at the L2 and 
L3 edges, while (Zz)= +75% at both L23 edges. X-MCD has 
become a powerful tool for the element-specific and 
symmetry-selective investigation of the local magnetic struc- 
ture on an atomic scale. Applying magneto-optical sum 
rules,2 it is possible to determine in certain cases spin and 
orbital moments separately. Beyond this local magnetic 
structure a spin-dependent contribution has been manifested 
in the extended x-ray absorption fine structure (EXAFS) 
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range (magnetic EXAFS=MEXAFS), too, which allows to 
study the magnetic short-range order in multicomponent sys- 
tems even on a larger size scale up to 20 Ä. 

The potential of X-MCD, however, is not restricted to 
the study of absorption profiles. In principle every method 
used in spectroscopy or crystallography, where the absorp- 
tion coefficient is involved, can be extended to its magnetic 
counterpart. Thus the basic idea of magnetic anomalous 
small angle x-ray scattering (MASAXS) is to achieve the 
contrast enhancement via the effect of X-MCD. As the di- 
chroic signal depends on the projection of the local magne- 
tization of the absorbing atoms onto ez the magnetic scatter- 
ing curves reflect the size distribution and correlation lengths 
of the magnetic scattering precipitates. Given the magnetic 
absorption coefficient for parallel/antiparallel alignment of 
magnetic electrons relative to ez by fjL±(E) = fjb0(E) 
±lxc{E) the corresponding scattering amplitudes /,:t(jB) 
and/"±(£) both acquire magnetic contributions f'c(E) and 
f"c{E), namely, 

f±(E)=f'(E)±f'c, 

f"±(E)=f"(E)±fc. 

(3) 

(4) 

Inserting Eqs. (3) and (4) into Eq. (1) the magnetic cross 
section, i.e., the difference in scattered intensities for parallel 
and antiparallel orientation is given by 

da 

dH 
da 
du =4(/o+/')/; + 4/7" (5) 

II. EXPERIMENTAL DETAILS 

The experiments were performed at the JUSIFA beam- 
line at HASYLAB/Hamburg (FRG). The setup for the 
ASAXS measurements, described in detail in Ref. 3, was 
modified slightly for the magnetic measurements. In order to 
illuminate the sample with circular polarized x rays, the in- 
clined view method was used. The beam position control 
monitor was set to an asymmetric position 2.5 mm above/ 
below the orbital plane with a slit height of 1.4 mm. The 
beam height position was checked by recording the beam 
profile after each scan. The calculated degree of circular po- 
larization amounts to «70%. A small solenoid provided 

magnetic flux densities up to 60 mT with its field direction 
pointing parallel/antiparallel to the photon beam direction 
sufficient to saturate the sample. 

The magnetic contrast scattering curve was then ob- 
tained according to Eq. (5) by recording two scattering pro- 
files with parallel/antiparallel orientation of the magnetiza- 
tion relative to ez and fixed circular degree of polarization at 
an incident photon energy where the maximum dichroic ef- 
fect is expected. The results reported here were obtained with 
a binary Gd28Fe72 system. The amorphous film was prepared 
by coevaporation from two electron-gun sources in a high 
vacuum system onto a 15 /im Mylai^ foil. For chemical 
protection, the Gd-Fe films of thickness h= 105-115 nm 
were covered with 20-22 nm Al layers on both sides of the 
Gd-Fe layer. A stack of 12 foils was enough to achieve a 
transmission of 0.5. A strong magnetic anisotropy perpen- 
dicular to the surface was verified by vibrating sample mag- 
netometer (VSM) measurements and Faraday effect results 
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orbital plane indicating the change of sign of the profile with circular degree 
of polarization. 

exhibiting a rectangular hysteresis loop with a magnetic co- 
ercive field of «20 mT. 

III. RESULTS AND DISCUSSIONS 

In Fig. 1 the magnetic scattering curve intensity obtained 
in that way versus momentum transfer Q measured at the Gd 
L3 edge (E — 7243 eV) is presented in comparison with the 
ASAXS profile obtained at the corresponding Fe K edge 
indicating the gross similarity of the electronic and magnetic 
structure. The profile can be interpreted as due to two size 
distributions, where the Q~4 behavior at small Q values can 
be attributed to large particles. After a pronounced maximum 
at ß~0.06Ä_1, which can be interpreted as a correlation 
maximum, the tail of a size distribution of smaller particles 
can be observed. 

Fit procedures taking into account a log-normal distribu- 
tion to the experimental data including a correlation yielded 
a correlation length of 74.9 Ä and size of the particle radius 
of 5.3 Ä with slightly enhanced values for the magnetic case 
(76.6 Ä and 5.8 Ä, respectively). The results are shown in 
Fig. 2, where the Q~4 tail of the large particles had been 
subtracted. Corresponding EXAFS and MEXAFS studies in- 
dicate no wide range ordering compared to pure bcc Fe.4 

This points to a rather complex structure of the system stud- 
ied. Although the crystal structure seems to be amorphous, 
there is to some extent an ordered chemical structure, which 
is consistent with the assumption that column-like structures 
are formed in that magneto-optical films. Furthermore, the 
observed magnetic anisotropy could also be related to those 
columns. On the other hand, the magnetic correlation ob- 
served in the MASAXS would then originate from a chemi- 
cal inhomogeneity. 

The intensity of the MASAXS profile can be related to 
accurate experimental measurements of MEXAFS in a wide 
range around the Gd L3 edge with the help of the optical 
theorem [Eq. (2)] and a Kramers-Kronig relation. The ob- 
tained results in a pure Gd system for /', f'c and /", /", 
respectively, as function of energy are shown in Fig. 3. From 
these data the contrast ratio between ASAXS and MASAXS 
observed in Fig. 1 can be directly deduced. It is interesting 
that this ratio is larger than the dichroic effect at E 
= 7243 eV observed in absorption due to the large contribu- 

tion of f'c. However, similar enhanced effects have also been 
observed in magnetic resonant scattering in Ni.5 

Characteristic features of X-MCD can be manifested by 
performing the MASAXS at the corresponding spin-orbit 
split L2 edge of Gd. Taking into account the different values 
for (crz) at the L32 edges their should be a change in sign of 
the scattering profile comparing the results at the L32 edges. 
The MASAXS profiles shown in Fig. 4 exactly follow this 
feature as the direction of magnetization (N and S) has to be 
reversed (S-N) at the L2 edge in order to yield the same sign 
of the profile compared to the L3 edge (N-S) and the scat- 
tering intensity at the L2 edge is decreased compared to the 
L3 edge as expected. As the dichroic signal depends on the 
relative orientation of the circular polarization photons and 
the magnetization of the sample MASAXS spectra taken 
with reversed photon helicity, i.e., above and below the or- 
bital plane (see Fig. 5) proof again a change of sign as ex- 
pected. 

IV. OUTLOOK AND CONCLUSION 

Magnetic small angle x-ray scattering is a new tech- 
nique, which allows valuable insights into structural charac- 
teristics of magnetic particles in granular systems and diluted 
alloys on a nm scale. Additional support to establish reliable 
models of the magnetic structures will be provided by mag- 
netic imaging techniques allowing a quantitative information 
on the local magnetization with high resolution.6 
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A systematic study of x-ray magnetic circular dichroism, x-ray resonant magnetic scattering, and 
resonant inelastic x-ray scattering at the L2,3 edges of Nd on Nd2Fe14B is presented. The combined 
information allows to assign a dipolar or quadrupolar origin to different features appearing in the 
experimental spectra and to study the thermal dependence of the Nd moment orientation below the 
spin reorientation transition which takes place at rSRT= 135 K. © 1998 American Institute of 
Physics. [S0021-8979(98)25011-0] 

The possibility offered by near-edge x-ray magnetic 
techniques of separately probing a given element in a mate- 
rial containing several magnetic species can be used to dis- 
entangle a wide set of problems on the magnetism of mate- 
rials, as, for example, rare-earth (R)-transition metal (TM) 
intermetallics. However, the interpretation of x-ray magnetic 
circular dichroism (XMCD) and resonant magnetic scatter- 
ing (XRMS) at the L2?3 edges of R ions (2p^5d transitions) 
has been a controversial subject since the first experimental 
results were obtained. It has been pointed out that, to prop- 
erly describe the observed signals, several aspects had to be 
included in the analysis, among others the contribution from 
2/>—»4/ quadrupolar excitation channels in the pre-edge 
region.1 In this article, we report on a combined study of 
XMCD, XRMS, and resonant inelastic x-ray scattering 
(RIXS) which allows to assign a multipolar origin to the 
different features appearing in the experimental spectra at the 
Nd L2,3 edges, and to apply this information to the study of 
the thermal dependence of the orientation of the Nd magnetic 
moments upon the spin reorientation transition (SRT) taking 
place on Nd2Fe14B. Below rSRT=435 K, the easy axis mag- 
netization direction (EMD) continuously rotates from the 
[001] axes (high-7" phase) towards the [110] axis. Although 
the behavior of the bulk magnetization has been well deter- 
mined, the evolution of the magnetic moments on the micro- 
scopic scale is less understood. It has been proposed that the 
Nd and Fe moments can be considerably noncollinear in the 
low-temperature phase.2'3 Different macro- and microscopic 
techniques have been applied to study the SRT, but no gen- 
eral agreement on the mutual orientation of the R and Fe 
moments in the low temperature phase has been reached so 
far.4 

To directly study the reorientation angles of Nd atoms 
on the SRT, we measured temperature-dependent XMCD at 
the L23 edges of Nd in a single crystal of Nd2Fe14B. The 
chosen geometry was as follows: the incident photon wave 
vector, k,, the [001] and the [110] axes of the plate-shaped 
single crystal lied in the horizontal plane, both [001] and 
[110] axes forming an angle of 45° with k,. A magnetic field 
of 1 T was applied parallel to k,. In the dipolar approxima- 
tion (2p—>5d transitions), XMCD is proportional to cos(a), 
where a is the angle between the Nd atomic magnetic mo- 
ment, /ZNd, and k,. Below rSRT, jlm rotates from the [001] 
axes by an angle 6m(T). Consequently, the described 
XMCD experiment is sensible to both, 0Nd(7) (through 
a(T) = 45°-6m(T)) and ßm(T). 

Figure 1 shows five representative XMCD spectra at the 
L2,3 edges of Nd in Nd2Fe14B recorded at different tempera- 
tures in the vicinity of SRT, as indicated in the figure. Two 

6200 6205 6210 6215 6710 
E (eV) 

6720        6730 
E (eV) 

"'Electronic mail: bartolom@polycnrs-gre.fr 

FIG. 1. Normalized XMCD spectra recorded at different temperatures at the 
L3 (left panel) and L2 (right panel) edges of Nd in Nd2Fe14B. The spin 
averaged absorption (T= 150 K) is also shown (a.u., dashed line). 
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FIG. 3. RIXS intensity at four incident energies (left panel) and CFS scans 
(right panel, thin lines) together with XMCD (thick line) at Nd L3 edge on 
Nd2Fe|4B. RIXS data are scaled as indicated in both panels. 

main features (labeled "al" and "b") are observed in the 
edge and pre-edge region, while a smaller shoulder (labeled 
"a2") is only observed at the L3 edge. 170 and 150 K 
XMCD curves are very similar at both edges, indicating the 
magnetic saturation of the sample in this range of tempera- 
ture, above rSRT and well below TC«600K. The XMCD 
spectra recorded at 150, 130, and 110 K present a noticeable 
enhancement coincident with TSRT. Below 110 K, XMCD 
remains again almost independent of temperature, showing 
no differences between 110 and 50 K. These experimental 
results reflect the sensibility of the technique to the SRT 
occurring below 135 K. However, the interpretation of the 
observed thermal variations is not simple: the spectra re- 
corded at different temperatures do not scale, as it should be 
the case if the whole signal would have a single dipolar (El) 
origin and the only differences would be originated by 
0m(T). This is more evident at the L2 edge, where the al 
feature is only observed below TSRT. It has been theoreti- 
cally pointed out1'5 and experimentally confirmed6 that the 
pre-edge features in L23 dichroic spectra in rare earth ions 
have its origin in quadrupolar (E2) 2p—>4/ transitions. 

XRMS is the scattering counterpart of XMCD.7 It allows 
to discriminate the multipolar origin of the observed mag- 
netic signals by studying different Bragg reflections, as dipo- 
lar and quadrupolar contributions have different angular de- 
pendence. We performed room-temperature XRMS on 
Nd2Fe14B on several (hhO) reflections at the L23 edges of 
Nd. (hhO) Bragg reflections were selected because the two 
nonequivalent crystallographic sites occupied by Nd ions, 4/ 
and 4g, contribute very differently to the structure factor for 
different h values. This fact, although it is not the objective 
of the present study, allow to deconvolute the resonant mag- 
netic signal created by Nd ions occupying 4/ and 4g sites. 

The experimental results are shown in Fig. 2. Their spec- 
tral shape reflects roughly that of XMCD and, within the 
experimental errors, the same features are present at both 
edges (al feature is visible even at room temperature in (220) 
and (330) reflections at the L2 edge). Full lines in Fig. 2 are 
the results of a fitting procedure based on the standard inter- 
pretation of XRMS7 by means of a regularization technique 
analysis. A proper fitting of the whole data set was only 

possible by allowing for a E2 origin for al and a2 features, 
with an intensity which at the L3 edge is comparable to that 
of the El one (b and higher energy features). 

Standard absorption measurements at the L23 edges of 
rare-earth ions cannot separate the two El and E2 excitation 
channels due to the 2p core-hole lifetime broadening. How- 
ever, it has been shown that such a separation can be 
achieved by means of resonant inelastic x-ray scattering 
(RIXS) experiments.8 In Nd, this can be realized by studying 
the resonance behavior of the 4d94f45d° and the 
4d94f35dl final state multiplets as the incident photon en- 
ergy is tuned through the 2p54f45d° and 2p54f35di inter- 
mediate state excitation energies, monitoring the 4d5/23/2 

-^2pm radiative decay channel L/3215 of Nd. In Fig. 3 (left 
panel), we present as a function of the energy transfer, AE, 
four representative RIXS spectra obtained at different fixed 
incident energies, Et, (indicated in the figure) in the vicinity 
of the Nd L3 edge. The spectrum recorded at £', = 6210eV 
*^ELi corresponds to the largest incident energy at which the 
maximum of the central feature, labeled "B," remains at 
AE« 121.6 eV, indicating that the photoelectron has been 
excited to a 5 of localized intermediate state without acquiring 
extra kinetic energy. At higher incident energies (upper 
curve), this feature moves towards higher AE as the photo- 
electron acquires extra kinetic energy when promoted to the 
5d band. The two lower spectra were recorded with £,- in the 
pre-edge region. Two extra channels, labeled "Al" and 
"A2" appear as distinct shoulders in the RIXS spectra at 
AE« 115.5 and 118.5 eV. Previous experimental results8 and 
theoretical calculations9 allow an unambiguous assignment 
of features Al, A2, and B. Feature B is assigned to the 
4d94f5dl final state multiplet, resonantly enhanced at the 
2p54/35J' intermediate state excitation energies, corre- 
sponding to the strong dipolar 2p^5d channel. Features Al 
and A2 are ascribed to the 4d94f45d° final state multiplets 
which are resonantly enhanced at the 2p54f45d° intermedi- 
ate state excitation energies, corresponding to the weak qua- 
drupolar 2p^4f excitation channel. Features Al and A2 are 
observed at lower AE values than feature B, i.e., at smaller 
intermediate state excitation energies. This is consistent with 
the strength of the Coulomb interaction between the pro- 
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moted electron and the Ad core hole resulting in a 
4rf94/45J° final state more strongly bound than the 
4d94f5dl or4rf94/35J1e* states. 

To directly compare the inelastic scattering spectra with 
the XMCD, the evolution of the peak intensities of features 
Al, A2, and B is monitored by scanning the incident and 
scattered photon energy together, thus keeping AE constant 
and fixed to the values corresponding to the excitation ener- 
gies of features Al, A2, and B, respectively. These constant- 
final-state (CFS) spectra are reported in Fig. 3 (right panel, 
thin line) together with the corresponding L3 edge XMCD 
(thick line) measured on the same sample. 

It is evident that features Al, A2, and B correspond to 
three different resonances, reaching their maximum intensity 
at different incident photon energies and that their correspon- 
dence with the XMCD features below and at the edge is 
rather evident. The energy position around which the dipolar 
B resonance is centered corresponds to the strongest feature 
in the XMCD spectra. This observation is in agreement with 
the commonly accepted interpretation of the XMCD signal at 
the absorption threshold. More importantly, Al and A2 fea- 
tures resonate at two different energies, in coincidence with 
the al-a2 structure in the Nd L3 XMCD. 

Once the origin of al, a2, and b features of the XMCD 
spectra at the L3 edge has been determined, we can properly 
treat the temperature variation of the dichroic signals, obtain- 
ing information about 0m(T). Although the strong differ- 
ences in the relative E2/E1 intensity between the two absorp- 
tion edges remain to be fully explained, there have been 
theoretical efforts10 which qualitatively describe the observa- 
tion, predicting an up-to-now never observed quadrupolar 
contribution to the XMCD at the L2 edge of rare-earth ions. 
It is well known11 that the intensity of a dichroic El contri- 
bution depends linearly on (W1?1-W[ _,)cos a, while a E2 
one is proportional to ((W2,i-W2-i)cos2a + (W2i2 
— W2_2)sin2 a)cos a, where WLM are the matrix elements 
the 2L pole transitions. Given the order of magnitude of the 
involved transition energies, WLiM will be treated as tem- 
perature independent in the range of interest of our study. By 
integration of the dichroic intensities, the WL?M's remain in 
the equations as constant factors. We have studied the tem- 
perature dependence of the E2/E1 intensity ratio at both 
edges. The temperature dependence of XMCD through 
/"■NdC^) is overcome by studying the ratio between two di- 
chroic signals which depend on the same way on fiNä(T). 
The experimental ratio values obtained at both edges are 
shown in Fig. 4. Furthermore, we have fitted the temperature 
dependence of the E2/E1 ratio to the theoretical angular de- 
pendence calculated by using the 0^(T) values correspond- 
ing to the strongly noncollinear arrangement in the low- 
temperature phase conjectured by Onoedera2 from 57Fe 
Mössbauer spectroscopy data. The remarkable agreement of 
the fit to the experimental E2/E1 ratio strongly supports On- 
oedera's prediction, with an average value of 6Nd^57° to 
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FIG. 4. Temperature dependence of the E2/E1 ratio of the XMCD spectra at 
the L2 (open symbols) and L3 (crossed squares) absorption edges. The thick 
line corresponds to the expected behaviour for the predicted noncollinear 
configuration between Fe and Nd ions in Ref. 2 for a dipolar b and quadru- 
polar al and a2 features. 

compare with 0Fe**>27° at the lowest temperatures. The ob- 
served angular behavior of E2/E1 at the L2 edge (coincident 
with that from L3) is, to the authors knowledge, the first 
experimental evidence of a quadrupolar contribution to the 
dichroism of a rare-earth ion at the L2 edge. 

In summary, our combined XMCD, XRMS, and RIXS 
study at the Nd L23 edges in the Nd2Fe14B has allowed to 
separately observe the El and E2 absorption channels, evi- 
dencing the E2 origin of the magnetic pre-edge features at 
both edges in XMCD and XRMS and showing how this 
different spectroscopic origin provides new information on 
the magnetic properties of materials. 
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Epitaxial Fe100-xCox/Ag(001) alloy films: Structure and element-specific 
magnetic moments from magnetic linear dichroism 
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Heinrich-Heine-Universität Düsseldorf, Universitätsstrasse 1, 40225 Düsseldorf, Germany 

The structure and element-specific local magnetic moments in Fe100_^Cox/Ag(001) (16<*<70) 
epitaxial ultrathin alloy films have been determined by photoelectron diffraction (PED) and related 
magnetic linear dichroism in angle-resolved core-level photoemission, using a laboratory x-ray 
source. The PED peaks of the Fe and Co 2p core levels for any of the alloy compositions are at 
emission angles as expected for a bcc lattice. The dichroism increases for the Fe 2p3/2 core level 
with increasing x, whereas that of the Co 2py2 dichroism is virtually independent on the alloy 
composition. The dichroism of both the Fe and the Co core levels scales well with the calculated 
dependence of the local magnetic moment on the alloy composition rather than with the average 
saturation magnetization.   © 1998 American Institute of Physics. [S0021-8979(98)40311-6] 

I. INTRODUCTION 

We have shown recently that the photoemission intensity 
in angle-resolved core level photoemission with linearly 
(p)-polarized radiation depends on the direction of the 
magnetization.1 Subsequently it was shown2 that this effect 
persists when using unpolarized radiation from standard 
laboratory x-ray sources (e.g., Mg or Al Ka), due to the 
presence of the p-polarized component. Consequently, this 
experimentally relatively easily accessible effect can be used 
for element-specific magnetometry. Within a purely atomic 
picture, the dichroism at a fixed energy is proportional to 
M-(kXE)-(k-E).?' In dealing with a crystalline solid, the 
emission angle a of the photoelectrons with respect to the 
crystal lattice is an additional variable. Changing a gives rise 
to well-known photoelectron diffraction patterns, character- 
ized by dominant forward scattering peaks along low-index 
crystallographic directions at photoelectron energies exceed- 
ing about 400 eV. The emission angle dependence of the 
dichroism is strongly affected by photoelectron diffraction, 
the latter being an independent source for an intensity asym- 
metry upon a change in magnetization direction.4'5 Accord- 
ingly, information on the geometric structure and on mag- 
netic properties is obtained from the dichroism data. Here we 
will apply this method for the first time to element- 
specifically determine the magnetic moment in epitaxial 
¥&W0-xCox alloy thin films. 

II. EXPERIMENT 

Figure 1 shows the experimental geometry. We used a 
standard x-ray photoelectron spectrometer (CLASS 150, 
VSW) and a Mg Ka x-ray source. The spectrometer and the 
x-ray source make an angle of 45° with respect to each other, 
the electron emission direction is in the incidence plane. The 
emission angle (a) of the photoelectrons with respect to the 
crystal lattice is varied by rotating the sample around an axis 
perpendicular to the plane of incidence. The sample surface 
was a (100) plane of the bcc lattice, which prevailed for all 
alloy concentrations, and the axis of rotation coincided with 
a (100) direction in the plane of the surface. Consequently, 

the scanned emission directions were also in a (100) plane. 
The samples are remanently magnetized by a short field 
pulse of about 80 Oe prior to performing an energy scan at a 
preset value of a. The geometrical conditions between M, k, 
and E remain constant when a is changed. A wide range in a 
was spanned to obtain the PED and the intensity asymmetry 
pattern. The films, obtained by coevaporation of Fe and Co 
onto an Ag(001) substrate at room temperature from e-beam 
heated rods, were 20 ML thick. 

III. DATA EVALUATION 

The dichroism is quantified by its asymmetry value, A 
= (/T-/i)/(7T + /i), where 7T,i are the intensities for the 
two magnetization directions. When the alloy composition is 
changed, the line-to-background ratio changes. Since we are 
concerned with determining the intensity asymmetry of core 
level lines from different alloy compositions, background 
subtraction is mandatory. Here we subtract constant back- 
grounds as determined by the intensities at the onset of the 
2p 3/2 core level spectra prior to calculating the dichroism. In 

Photoelectron 
Energy Analyser 

Soft x-rays 

FeCo/Ag(001) 

FIG. 1. The experimental geometry. The unmonochromatized Mg Ka radia- 
tion and the acceptance cone of the photoelectron spectrometer are at an 
angle of 45°. The sample is rotated about its [100] direction to vary the 
angle (a) between the surface normal (n) and the photoelectron collection 
direction. 
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Fe31Co69/Ag(001) 

Emission Angle a (°) 

FIG. 2. Angular dependences of the photoelectron intensities (a) and asym- 
metries (b) as obtained from the 2pM core levels of an epitaxial 
Fe3iCo69/Ag(001) alloy film. Full line and filled circles are for Fe, dashed 
line and empty squares for Co. Vertical bars indicate the emission angles 
corresponding to low-index crystallographic directions. 

plots showing angular dependences the asymmetry is plotted. 
Since the asymmetry tends to diverge where the background 
subtracted intensity becomes very small, we plot the inten- 
sity difference normalized to the maximum in (f + I^-) in 
plots showing binding energy dependences. This so-called 
normalized intensity difference is equal to the asymmetry at 
that binding energy where (fi + I^) has its maximum value. 

The intensity asymmetry caused by PED is large and 
easy to measure in a conventional XPS spectrometer. How- 
ever, extracting the full amount of information on the struc- 
tural and magnetic properties requires one to fit the dichro- 
ism data by a PED theory since no simple quantitative 
interpretation of the angular dependence of the intensity 
asymmetry on structural and magnetic properties has been 
given so far. We therefore chose to average out the PED 
oscillations in the dichroism data by integrating over the 
emission angle. Since the dichroism oscillations are not sym- 
metric with respect to zero dichroism, the angular averaged 
asymmetry curve is different from zero. We have shown re- 
cently that such angular integrated data obtained from 
Fe(001) compare well with data from an amorphous Fe con- 
taining metallic glass where PED effects are absent.5 The 
PED intensity diffraction pattern still provides the opportu- 
nity to simultaneously get information on the crystal struc- 
ture. 
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FIG. 3. Dependence of the linear magnetic dichroism, obtained with unpo- 
larized light, on alloy composition (left scale) for Fe (circles) and Co 
(squares). The curves show results calculated by Turek et al. (Ref. 6, right 
scale) for the local moments of Fe (upper) and Co (lower), as well as the 
concentration-weighted average (dashed). 

IV. RESULTS 

Energy distribution curves have been measured for the 
Fe and Co 2p3/2 and 2py2 core levels for emission angles 
ranging from - 20° to 70°. For any of the alloy compositions 
studied, we observe well-defined photoelectron diffraction 
peaks for each of the Fe 2p3/2, Fe 2pU2, Co 2p3/2, and Co 
2/? i/2 peaks. Because of their higher intensities, the 7 = 3/2 
sublevels are evaluated here. Figure 2(a) shows the angular 
distributions of the photoelectron intensities for the peak en- 
ergies of the Fe and Co 2p3/2 photoemission lines, and Fig. 
2(b) shows the angular distribution of the associated inten- 
sity asymmetries for an epitaxial Fe31Co69/Ag(001) alloy 
film. Well-defined peaks in the intensity are observed at 
emission angles corresponding to the (001) (0°), (012) 
(18.4°), <013) (26.6°), (Oil) (45°), and <021) (63.4°) 
forward-scattering directions. The peaks corresponding to 
the (013) and (012) directions merge into one broader peak. 
The asymmetry changes sign in going from a=-10° to- 
wards a= + 10° and oscillates further with increasing angle. 
The pattern can be viewed as a virtually symmetrical oscil- 
lation offset from zero by about 2%. The oscillations at 
larger angles are reduced in amplitude from that centered at 
normal emission (a = 0). The angular dependences are vir- 
tually independent on the alloy composition and compare 
well with those observed in pure Fe/Ag(001) films. 

The concentration dependence of the element-specific 
dichroism is shown in Fig. 3. When changing the alloy com- 
position from 16% to about 70% Co concentration, a slight 
increase of the dichroism is observed for the Fe 2pyi core 
level, whereas the dichroism of the Co 2p3/2 is essentially 
independent on the composition. These findings compare 
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well with the calculated dependence of the magnetic mo- 
ments for bulk random bcc Fe100_jCox alloys.6'7 It is worth- 
while to mention that the Fe and the Co dichroism as a 
function of the Co concentration does not follow the depen- 
dency of the average moment which decreases by 20% in 
going from x= 16 to x=70 as a result of the smaller mag- 
netic moment of the Co as compared to that of the Fe. This 
shows that the magnetic linear dichroism probes the element- 
specific local magnetic moments. 

V. CONCLUSIONS 

We have shown that structural and magnetic properties 
of a composite material can be determined by photoelectron 
diffraction and the related magnetic linear dichroism in 
angle-resolved core level photoemission, using an unpolar- 
ized laboratory x-ray source. The dependence of the element- 
specific 2/? 3/2 core level dichroism of Fe and Co in epitaxial 
Fe10o-^Cox/Ag(001) alloy films compares well the calcu- 
lated dependences of the local magnetic moments on the 
alloy composition. 
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We present the magnetocrystalline anisotropy of disordered N^-^Pt^ and disordered fee Co^^Pt,. 
alloys using the spin-polarized relativistic Korringa-Kohn-Rostoker coherent-potential 
approximation in which the spin-orbit coupling and magnetism are treated on an equal footing. In 
both the pure fee ferromagnetic elements (Ni as well as Co), the magnetic easy axis is along the 
[111] direction of the crystal. Addition of Pt to Ni changes the magnetic easy axis to the [001] 
direction, in agreement with the experimental observations, although the magnitudes of the 
calculated magnetocrystalline anisotropy energies for different compositions are somewhat different 
from the corresponding experimental values. In contrast, addition of Pt to Co does not alter the 
magnetic easy axis, only the magnitude of the magnetocrystalline anisotropy energy is affected. The 
origin of this contrasting behavior may lie in the larger size of the magnetic moment of Co (as 
compared to Ni).   © 1998 American Institute of Physics. [S0021-8979(98)33911-0] 

Magnetocrystalline anisotropy of a ferromagnetic mate- 
rial is a consequence of the coupling of the spin of the elec- 
tron with its orbital motion. This so-called spin-orbit cou- 
pling (SOC), though very small compared to the exchange 
energy responsible for the magnetism, determines the equi- 
librium or "easy" axis of magnetisation in most solids. 
Clearly, SOC is a relativistic phenomenon and can only be 
adequately described in a fully relativistic formalism in 
which magnetism and SOC are treated on an equal footing. 
In a recent publication,1 we presented a scheme to calculate 
the magnetocrystalline anisotropy energy (MAE) of a 
disordered alloy within the spin-polarized relativistic 
Korringa-Kohn-Rostoker coherent-potential approximation 
(SPR-KKR-CPA).2 This theory is based on the relativistic 
spin-polarized density functional theory derived by Mac- 
Donald and Vosko3 and others. Within this formalism, the 
MAE of a system is expressed as 

A£=-- i-r de 
1 

fl BZ 
rfkln||/+[rc-1(e2) 

V(ei)!Wk;ei)||+x{ln|lAi(ei 

-lnK(e2)||} + (l-x){ln||DB(ei 

Tn||Ds(e2)||} -n(EFi;e2){EFi-EF2Y 

+ @{EFi-EFi)\ (1) 

In Eq. (1), fc(eO and tc(e2) are the SPR-KKR-CPA 
f-matrices for magnetization along e[ and e2 directions, re- 
spectively, and Tc(k;e!) is the path-operator matrix in the 
k-space, 

-1/ Tc(k;e1) = [f71(e1)-g(k)]- (2) 

ÖA(ei) = [/-T^(e1){rc-1(e1)-fI1(e1)}]- (3) 

and 

with similar expressions for DA(e2)> ^(«^ and DB(ez). 
The striking feature of Eq. (1) is that the MAE can be 

calculated directly. This is in contrast with some other ap- 
proaches which involve the subtraction of the total energies 
of the system for two magnetization directions calculated 
separately. Therefore, the use of Eq. (1) guarantees against 
many possible numerical instabilities.4 In particular, Eq. (1) 
is derived by algebraically canceling many terms in the total 
energy, e.g., all core contributions. Remember that the en- 
ergy difference is only a tiny fraction (~ 10~10) of the total 
energy, and thus impossible to extract as the difference in the 
total energies except when the total energies are calculated 
with the utmost precision. The use of Eq. (1) also reduces the 
systematic error by ensuring that the same integration grids 
are used for both magnetization directions (this is not guar- 
anteed when the two total energies are calculated separately). 
Additionally, in most cases, the second term of Eq. (1) is 
expected to be quite small compared to AE, and in such 
cases we need to know the Fermi energy corresponding to 
only one magnetization direction. The first term which con- 
tains the predominant contribution to A£ needs to be evalu- 
ated accurately. The Brillouin zone integration involved in 
the above equation is the most time-consuming part of the 
calculation. Owing to the preferred direction of magnetiza- 
tion, the symmetry in the Brillouin zone is reduced and it is 
necessary to perform the Brillouin zone integration in the 
1/16 of the zone when the magnetization is along the [001] 
direction and in the 1/4 of the zone when it is along the [111] 
direction (as opposed to 1/48 in the nonrelativistic case) for 
cubic systems. Also, if the &-points are not sampled properly, 
it may take as many as 500 000 A:-points to get a converged 
result   as   has   been   demonstrated   in   earlier   studies.5 
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0.4       0.6       0.8 
Concentration (Pt) 

1.0 

FIG. 1. Magnetocrystalline anisotropy energy (MAE) defined as 
£(001)-£(111) for Coj-^Ptj alloys as a function of Pt concentration. The 
solid line is a guide to the eye. 

Our method and its computational aspects have been dis- 
cussed in detail elsewhere.1 In what follows, we briefly de- 
scribe the important points relevant to the present study. We 
start with the self-consistent potentials obtained by the spin- 
polarized scalar relativistic KKR-CPA. The SPR-KKR-CPA 
equations are solved for two magnetization directions sepa- 
rately to a high degree of precision (1CT9). The energy in- 
tegration is performed around a complex contour in order to 
obtain an accurate integration with comparably fewer 
points.6 The Brillouin zone integration is performed by the 
recently proposed hybrid adaptive quadrature scheme.7 In 
our earlier study1 we had used the prism method8 and we 
needed ~ 100 000 A;-points to achieve a good convergence in 
MAE. The advantage of the hybrid method is that it puts 
more points only where needed and therefore the number of 
k-points is greatly reduced. In our calculations we have 
found that, when the energy is near the real axis, we have to 
put ~ 25 000 points for a good convergence whereas far 
from the real axis we need much less number of &-points 
(For example, when the imaginary part of the energy is 0.5 
Ry, we need only 100 points to achieve same level of con- 
vergence.) 

In this article, we present the MAE of disordered fee 
Coj-jPtj and Ni^^Pt^ alloys. We note that in both fee Co 
as well as fee Ni the easy magnetic axis is along the [111] 
direction of the crystal and the theoretical calculations also 
predict the same.1 In Fig. 1 we show the results of our cal- 
culations for these alloys. We note that the MAE for 
Co^^Ptj. alloys, defined as £(001)-£(111) remains posi- 
tive throughout the whole concentration range implying that 
the magnetic easy axis remains unchanged at [111]. The 
MAE is maximum around the equiatomic composition. To 
our knowledge there are no experimental results on the bulk 
disordered fee Coi_xPtx alloys. However, the experimental 
results for the ordered Co-Pt alloy are very different from 
our calculated results for disordered alloys; both the magni- 
tude of the MAE as well as the magnetic easy axis are dif- 
ferent (MAE—400 /tteV). The reason for this could lie in 
either the compositional ordering or in the tetragonal distor- 
tion or in a combination of the two. We are working on this 
aspect and we defer it to a later publication. 

Experimental results on ferromagnetic Nii_^Ptx alloys 
(which are disordered and fee) reveal that the easy axis of 
magnetisation changes to [001] with the addition of Pt with 

2 

0.1 0.2 
Concentration (Pt) 

0.3 

FIG. 2. Experimental and theoretical values of magnetocrystalline anisot- 
ropy energy (MAE) defined as £(001)-£(111) for Nij_^Pt^ alloys as a 
function of Pt concentration. The lines are guide to the eye. 

the magnitude of MAE being largest around 15% Pt.9 In Fig. 
2 we show our calculations and the experimental results; 
both show similar trends, although the magnitudes of MAE 
differ. Also, the minima around 15% Pt is less pronounced 
than that in the experimental results. Nevertheless, we repro- 
duce the experimental observations that addition of Pt to Ni 
alters the easy magnetic axis. Further calculations and mea- 
surements are needed to examine the extent of the agree- 
ment. However, it is important to realize that, although both 
fee Ni and fee Co have their magnetization vectors pointing 
along the [111] direction, addition of Pt to Ni changes the 
magnetic easy axis. Whereas when Pt is added to Co, the 
easy axis is not affected; only the magnitude of the MAE is 
changed. Both the size of the magnetic moment as well as 
the SOC are important factors that determine the magneto- 
crystalline anisotropy of a material. In the present alloy sys- 
tems, the SOC are similar in strength. Thus, it seems possible 
that this contrasting behavior originates in the size of the 
magnetic moment. The larger moment of cobalt (compared 
to nickel) seems to stabilize the direction of the easy axis, 
although other mechanisms are also possible, e.g., sensitivity 
to the position of the Fermi level.5 

In summary, we have presented calculations of MAE of 
Co^Pt, and Nij-^Pt, alloys within the SPR-KKR-CPA 
scheme. Our results show that, besides the known SOC ef- 
fect, the size of the magnetic moment also plays a role in 
determining the magnetocrystalline anisotropy of a material. 
We end by pointing out the need of a more comprehensive 
approach to the calculation of the magnetocrystalline anisot- 
ropy energy which should include the effects of atomic 
short-range order and loss of cubic symmetry. 
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The electronic structure and the magnetism of a Mn12012 molecule at ground state have been studied 
by density functional theory with a local spin density approximation. We have found that the 
magnetic moments of Mn ions in the tetrahedron and those of Mn ions in the crown of the Mn12012 

molecule align antiferromagnetically. The average moment per Mn ion is about 3.07/AB in the 
tetrahedron and 4.07fiB in the crown. The total spin amounts to 20.0/xB which is in agreement with 
recent experimental results. The significant difference of magnetic moments between Mn ions at two 
sites is attributed to the different exchange splitting of 3d orbitals. However, the charge difference 
between the two kinds of Mn ions is as small as 0.22 electrons. The charge density and the spin 
density exhibit strong directional dependence, which indicates the strong anisotropy in this 
molecule.   © 1998 American Institute of Physics. [S0021-8979(98)40411-0] 

The study of large molecular clusters of metal ions is a 
very important area of interest which is expanding rapidly.1 

Very recently, many new phenomena such as the quantum 
tunneling of magnetization, gigantic relaxation time and 
magnetic bistability2"8 were discovered in a so-called high- 
spin molecular organic compound—Mn12012 acetate.9'10 

These new observations have further enhanced the interest 
because of its suitability for the investigation of magnetic 
properties on nanoscale or mesoscopic dimensions, and its 
promise of use in data storage devices. 

Mn12012 acetate has a well-defined crystal structure 
which can be described as a Mn12012 molecule surrounded 
by some organic ligands.9'10 The molecule contains two 
kinds of manganese ions bridged by oxygen. The inner four 
ions form a tetrahedron in the center of cluster (denoted by 
Mn,) and the outer eight form a crown (denoted by Mnc). A 
recent experiment11 shows that the molecule has a large net 
spin 5= 10, which is always oriented along the easy axis 54. 
Although a strong interplay could exist in the Mn12012 mol- 
ecule, the interaction between the molecules themselves is 
still weak because of the large distance. Many 
experiments2-8'10 have shown that at low temperature, the 
Mn12012 molecule acts just like a high-spin magnet with 
clean discrete quantum numbers (ms— — 10,..., + 10). So, 
unlike many other nanomagnetic materials, the magnetic be- 
havior of Mn12012 acetate should be mainly determined by 
the Mni2012 molecule. 

So far, in spite of some experimental observations2-13 

having been made, there is still a lack of many theoretical 
studies14'15 for such an interesting material, especially studies 
of the electronic structure and the magnetism on a micro- 
scopic level. In this article, we report our results of first 
principle studies on the Mn12012 molecule. We have em- 
ployed the discrete variational method (DVM)16'17 based on 
density functional theory (DFT) with a local spin density 
approximation (LSDA)18 to study the ground state properties 
of the Mn12012 molecule. In DVM, the Kohn-Sham equation 
(in atomic units), 

(-v2/2+yc+yxc)^=e,.^, 

with charge density p^r), 

Pa(r) = ^j nia\<t>i(T(r)\2 

(1) 

(2) 

"'Electronic mail: wang@isp.hfcas.ac.cn 

is solved self-consistently where <pi(7 is the single particle 
wave function for the molecule with occupation ni(T, Vc is 
the Coulomb potential of the nuclei and electrons, and Vxc is 
the exchange-correlation potential under LSDA. In the 
present calculation, the numerical atomic orbitals obtained 
by self-consistent LDA calculations for a single atom are 
used as the variational bases to expand the one particle wave 
functions. The discrete summation method of pseudo- 
random points in the three dimensional space and group 
theory are adopted to simplify the solution of the eigenvalue 
equations. The Coulomb potential is obtained by means of 
fitting charge density to a multipolar expansion which en- 
sures that the DVM gives more precise results.17 In our cal- 
culation, the order of the multipolar expansion functions has 
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TABLE I. The magnetic moments (m), Mulliken orbital occupation num- 
bers (Occ.) and charges for the Mn cations in the Mn12012 molecule. Sym- 
bols | and J, indicate the spin-up and the spin-down states, respectively. 

Occ. (T) Occ. (|) Total Occ. m(fiB) 

Mn, cations 
3d 3.62 0.55 4.17 + 3.07 
4s 0.01 0.01 

Mnc 

0.02 
Charge +2.82 

cations 

0.00 
Total+3.07 

3d 0.14 4.22 4.36 -4.07 
4s 0.02 0.02 0.04 

Charge +2.60 
0.00 

Total-4.07 

been chosen up to 2. The density of states (DOS) is obtained 
by using the Lorentzian broadening scheme, and the partial 
DOS (PDOS) is defined as: 

Dniu-2j Pnl<7 
61 IT 

(e-elaY-» ;2' (3) 

where Pq
nla. is the Mulliken population19 of the atomic orbital 

Xni of atom q in the molecular spin orbital (f>i(J. The DOS of 
atom q with spin u is obtained by a sum of n, I and i, and 
the total DOS of spin a is given by the sum of all the atoms. 
To check the reliability of our method on the Mn-O system, 
we first study antiferromagnetically coupled MnO. We found 
magnetic moment of about 4.98^.ß for the Mn cation, which 
is in agreement with experimental result.20 

For calculation of the Mn12012 molecule, we adopted the 
experimental atomic distance,9 and put the z axis parallel to 
the easy axis. In Table I, we have presented magnetic mo- 
ments, Mulliken orbital occupation numbers and charges for 
the Mn cations. From Table I, it can be seen the magnetic 
moment of the Mn, cation is about 3.07fiB and that of the 
Mnc cation is about - 4.07//,B, which suggests that the two 
kinds of manganese ions are antiferromagnetically coupled. 
Considering the small contribution from the O anion, we get 
a total net spin amounting to 20.0/zB for the Mn12012 mol- 
ecule, which is exactly the same as the data derived from the 
experiment.11 At the same time, we note that there is a large 
difference in Mulliken occupation numbers for the Mn 3d 
orbitals with spin up and with spin down. For the Mn, cation, 
the electron occupation number in the 3 d orbital with spin up 
is about 3.62, but it is only 0.55 in 3d orbital with spin down 
while, for the Mnc cation, the electron occupation numbers 
of the 3d orbital with spin up and spin down are 0.14 and 
4.22, respectively. In addition, for all the Mn ions, there are 
nearly no electrons in the 4s orbital, most of them have been 
transferred to oxygen atoms. The different occupation num- 
bers show that the exchange splitting might have a signifi- 
cant difference for both kinds of Mn ions. In order to see this 
difference more clearly, we have presented the 3d PDOS of 
Mn cations as well as the total DOS of the Mn12012 molecule 
in Fig. 1 and Fig. 2, respectively. From Fig. 1, the very large 
exchange splitting in the Mn 3d orbitals can be clearly ob- 
served, and both the spin-up and the spin-down PDOS have 
similar distribution. From PDOS, we can get the average 
value of the calculated exchange splitting, which is about 4.5 

-2.0 
-10 -8-6-4-202468 

Energy(eV) 

FIG. 1. The 3d PDOS for spin-up (upper panel) and spin down (lower 
panel) of the Mn, cation (solid lines) and of the Mnc cation (dashed lines). 
The Fermi level is shifted to zero. 

eV for Mn, cations and 3.0 eV for Mnc cations. The large 
difference of exchange splitting between Mnc and Mn, ions 
leads to the large difference of magnetic moments, although 
the total occupation numbers in 3d orbitals are almost the 
same. From the total DOS shown in Fig. 2, the large net spin 
resulting from the large orbital exchange splitting in the 
Mn12012 molecule can be observed. The charges for the two 
kinds of Mn ions are different, but their difference is small, 
only about 0.22. 

To check the dependence of magnetic moment on the 
atomic distance, we have performed the calculations with the 
atomic distance 15% larger or smaller than the experimental 
result. We found that the total magnetic moment of the 
Mn12012 molecule remains the same. For each Mn ion, the 
magnetic moment changes only a few percent. These results 
indicate that the magnetic properties of the Mn12012 mol- 
ecule are insensitive to the atomic distance. 

In Fig. 3 and Fig. 4, we have presented the charge den- 
sity as well as the corresponding spin density contour plots 
on the plane perpendicular to the S4 axis (denoted by ah) 
and the plane including the S4 axis and that perpendicular to 

-25 -20 -15 -10   -5    0     5 
Energy(eV) 

10   15 

FIG. 2. The total DOS for spin up (upper panel) and spin down (lower 
panel) of the Mn12012 molecule. 
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FIG. 3. Charge density (left panel) and spin density (right panel) contours of 
the Mn|2012 molecule on the plane perpendicular to the S4 axis. The solid 
line stands for the positive value, and dashed line stands for the negative 
value. 

<7A (denoted by crv). On plane ah, it is obvious that, other 
than being spherical-like, the distribution of the charge den- 
sity and the spin density for all Mn cations exhibits ex- 
tremely strong directional dependence. However, on plane 
crv, the charge density and the spin density for Mnc cations 
are spherically distributed, and those for Mn, cations are only 
somewhat distorted from a spherical distribution. The strong 
directional dependence of the charge density and the spin 
density shows the large anisotropy of charge density and spin 
density in the Mn12012 molecule which are mainly due to the 
distinction of neighboring atoms for Mn cations. So, it can 

FIG. 4. Charge density (left panel) and spin density (right panel) contours of 
the Mn120i2 molecule on the plane including the S4 axis. The solid line 
stands for the positive value, and the dashed line stands for the negative 
value. 

be expected that there exists great magnetic anisotropy in 
Mn12012 acetate. 

In summary, the electronic and the magnetic properties 
of the Mn120J2 molecule at ground state have been investi- 
gated by the DVM with LSDA. We have found that the 
magnetic moments in the inner shell and the outer shell are 
antiferromagnetically aligned. The calculated total magnetic 
moment 20.0/iB for the Mn12On molecule is in good agree- 
ment with recent experimental data.11 However, we did not 
find a significant difference in the occupation numbers for 
Mnc and Mn,. We attribute the large difference of magnetic 
moment for Mnc and Mn, ions to the different exchange 
splitting of 3d orbitals. The experimental observation of the 
strong anisotropy of Mn12012 acetate10'12 has been confirmed 
by the strong anisotropy of the charge density and the spin 
density. 
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This paper investigates the inductance versus current characteristics of a two-material and a 
three-material magnetic current limiter. The two-material device consists of a NdFeB permanent 
magnet, a high saturation flux density magnetic material, and a high saturation flux density magnetic 
pole piece placed on both sides of the magnet. The three-material device consists of a NdFeB 
permanent magnet, a high saturation flux density magnetic material, and a low saturation flux 
density material. Finite-element results for the three-material device agree with the results obtained 
using design equations. In contrast, the results obtained for the two-material device show that the 
transition current is overestimated and that the ratio of the maximum safe current and transition 
current, as well as the unsaturated inductance is underestimated. Extending the magnet beyond the 
adjoining surfaces improves the sharpness of the transition characteristics when the ratio of the core 
length to the core width is large.   © 1998 American Institute of Physics. [S0021-8979(98)16211-4] 

I. INTRODUCTION 

Power systems especially in city centers are becoming 
increasingly interconnected in an effort to increase the reli- 
ability of the electric supply. This increasing interconnectiv- 
ity results in raised short circuit levels, which traditional cir- 
cuit breakers are straining to limit. A number of current 
limiting approaches such as tuned impedances, switched im- 
pedances, superconductors, series arc devices, and ther- 
mistorlike devices have been proposed in the past to address 
this problem.1'2 Unfortunately, these approaches all have re- 
liability problems. Recently, a passive current limiting de- 
vice consisting of three magnetic materials was proposed.3 

The device should be reliable but would be expensive to 
produce. Two of these devices connected in series and in 
magnetic opposition to each other would provide bipolar cur- 
rent limiting. 

This paper proposes two simplified structures, which ad- 
dress the concern over cost. The inductance versus current 
characteristic of each device is investigated. Finally, the op- 
timal two-material and three-material device designs are 
compared. 

II. SIMPLIFIED CURRENT LIMITER CONFIGURATIONS 

The structure shown in Fig. 1(a) consists of a NdFeB 
permanent magnet sandwiched between the central pole 
faces of two high permeability, high saturation, flux density 
grain oriented E cores. The enlarged core section on either 

"'Electronic mail: dawson@ecf.utoronto.cu 

side of the magnet is designed to confine the magnet's flux to 
the central core area. Most of this core section can be de- 
signed to operate out of saturation by choosing its height to 
be greater than a specified minimum value. The core sections 
with the reduced area have a coil wrapped around them. Core 
saturation exists when no coil current is applied. An unsat- 
urated condition occurs if the coil current exceeds a critical 
value. 

The second structure shown in Fig. 1(b) consists of two 
high permeability, high saturation, flux density C cores 
placed pole to pole. An additional structure consisting of an 
extended NdFeB permanent magnet sandwiched between 
two equally sized blocks of low saturation, flux density mod- 
erate permeability materials is centrally placed between the 
two C cores and has a coil wrapped around it. 

III. DESIGN CRITERIA AND ASSUMPTIONS 

The major design criteria for a current limiter are shown 
in Fig. 2. The objective is to maximize the ratio between the 
unsaturated (Lunsat) and saturated (Lsat) inductance subject to 
cost constraints, to extend the current range over which the 
unsaturated inductance value is maintained, and to maintain 
a uniform flux distribution in the saturated region. A uniform 
distribution provides a sharper transition region, at 1^^, be- 
tween the saturated and unsaturated state. 

The magnetic devices are assumed to be infinitely long 
in the z direction so as to allow a comparison between the 
two 2d devices and to minimize the effects of leakage flux in 
the z direction. The inductance versus current characteristics 

0021-8979/98/83(11 )/7103/3/$15.00 7103 © 1998 American Institute of Physics 
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Permanent Magnet Material 

High Permeability and 
Flux Density Material 

s~\  High Permeability and High Saturation 

(a) 

0 High Permeability and High Saturation 
Flux Density Material 

Saturable Core Material 

A Permanent Magnet Material 

(b) 

FIG. 1. Unipolar current limiters: (a) two material and (b) three material. 

are obtained using Infolytica's MAGNET 5.2 finite-element 
analysis software package. 

The two-material and three-material designs are based 
on the following specifications and the design equations.4 

Functional: knee current /knee=50A, /max/4nee=2-l, 
Lunsat= 14 mH, and number of turns N= 100. Magnet param- 
eters: remnant flux density Bm= 1.144T, recoil line slope 
um= 1.1, and magnet length Zmag=l cm. Central core param- 
eters: Z?*Acore/Amag=0.4T where Bc represents the satura- 
tion flux density of the saturable core material and Acore is 
the saturable core area. Amag represents the magnet area for 
the two-material device and is equal to Acore for the three- 
material device. (Note: selecting a value higher/lower than 

•■ I 
knee *max 

(a) 

(b) 

Core width = 16.5 cm     Magnet width = 40 cm 
Region A, F     TR66       |eorB = 16.5 cm 
Region B, G  air; E(coil region) air 
Ul   Rectangular focusing blocks: CJ) are TR66. 

material u = 20,000 
Trapezoidal focusing blocks: C is TR66; D is air. 
Rectangular focusing blocks: CJ3areMU3 a linear core 
material n = 1000. 
Trapezoidal focusing blocks: C is MU3;D is air. 
Rectangular focusing blocks: CJD are MU4 a linear core 
material p. = 10,000. 
Trapezoidal focusing blocks: Cis MU4;Disair. 

U2 
U3 

U4 
US 

U6 

57.1cm 

37.1cm 

A Core width 

t mag width J f       40 cm 60 cm 80 cm 

20     40      60      80     100    120   140 
Current (Amperes) 

FIG. 2. Design criteria for a magnetic current limiter. 

FIG. 3. Two-material current limiter; (a) geometry of one quarter of the 
device, and (b) inductance vs current characteristics. 

0.4 T results in a higher/lower /max//knee ratio but a larger/ 
smaller magnet volume.) The choice of 0.4 T, approximately 
half of Bm, is a compromise. Bc for the two-material design 
is 1.77 T (i.e., TR66 core material). Bc for the three-material 
design is 0.4 T. 

IV. SIMULATED INDUCTANCE VERSUS CURRENT 
CHARACTERISTICS 

A. Two-material device 

Figure 3(a) shows one quarter of the device and the tests 
which were performed. The purpose of these tests was to 
investigate the effect of the core pole face material and shape 
on the inductance versus current profile. Figure 3(b) shows 
the finite-element results for the inductance versus current 
characteristics. A larger leakage flux is observed with the 
higher permeability material, therefore, Lunsat is high. Taper- 
ing of the extended area section reduces the leakage flux, 
thus lowering the unsaturated inductance. Low permeability 
material does not contain the magnet flux very well. There- 
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core material = Bsat = .4T    p. = 5,000 
core width = 40 cm    magnet thickness = 1 cm 
Tl= W, = 20cm 
T2= W, = 40cm 
T3 = W = 40cm 
T4 »U, = 40 cm 

magnet width = 40 cm 
magnet width = 40 cm 
magnet width = 50 cm 
magnet width = 60 cm 

85 cm 

air 

1 TR66 material 

1 

V ,   Core width   _ i 

|      air 

j«— 2cm 
2            ! 

(a) T mag width 
2 

75 cm    95 cm       130 cm 

(b) 
0     20    40     60      80    100   120  140  160 

Current (Amperes) 

FIG. 4. Three-material current limiter: (a) geometry of one quarter of the 
device, and (b) inductance vs current characteristics. 

fore, the saturated-to-unsaturated transition occurs at a lower 
knee current and is less well defined. The ratio /max/4nee 
increases due to the reduced flux confinement. 

B. Three-material device 

Figure 4(a) shows one quarter of the device and the tests 
which were performed. The purpose of these tests was to 
determine the effect of the core length and magnet extension 
on the inductance versus current profile. Figure 4(b) shows 
the finite-element results for the inductance versus current 
characteristics. The core length influences only the saturated 
inductance value. The magnet extension improves the sharp- 
ness of the transition from the saturated to the unsaturated 
state, especially if the core length to core width ratio is large. 

C. Comparison of the two-material and three-material 
current limiter 

Both devices were designed according to the specifica- 
tions in Sec. Ill and the stipulation that Lunsat/Lsat= 40. TR66 
material is used for the E core on the two-material device. 
The extended area section is trapezoidal in shape so as to 

0.6 ~\ 
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■g«3 
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FIG. 5.  Comparison of a two-material and three-material inductance vs 
current characteristics. 

reduce the leakage inductance. This improves the sharpness 
of the transition at I^,ee and increases the Lunsat/LsM ratio. 

The width and thickness of the magnet in contact with 
the core material for both designs is 40 and 1 cm, respec- 
tively. In the three-material case, the magnet extends an ad- 
ditional 5 cm away from the outside surface of the core ma- 
terial. The core length and core width are 40 cm for the 
three-material device and 10 cm for the two-material device. 
The height of the extended area sections for the two-material 
device is 29 cm. 

Figure 5 shows the inductance versus current character- 
istics for the two-material and three-material device. The re- 
sults of the design equations for the three-material device are 
in agreement with finite-element results shown in Fig. 5. In 
contrast, the results of the design equations for the two- 
material device show that 1^^ is overestimated, the ratio 
7max//knee is underestimated, and Lunsat is underestimated. 
Also, the transition characteristic for the two-material device 
is poorly defined. Thus, under normal ac operating condi- 
tions, the flux density in the core of the two-material device 
cycles between an unsaturated value and a saturated value. 
This results in a large minor hysterisis loop area, and conse- 
quently, high operating losses. 

V. CONCLUSIONS 

Finite-element results for the three-material current lim- 
iting device agree with the results obtained using design 
equations. In contrast, the results obtained for the two- 
material current limiting device show that the transition cur- 
rent is overestimated, and that the ratio of the maximum safe 
current, and the transition current, as well as the unsaturated 
inductance are underestimated. Extending the magnet be- 
yond the adjoining surfaces improves the sharpness of the 
transition characteristics when the ratio of the core length to 
the core width is large. 
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Reversible and irreversible components of tensor magnetization 
and magnetostriction 
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Tensor magnetostriction and magnetization hysteresis loops for a 25 mm ferrite magnet cube were 
measured. These describe the magnetization properties and reflect the anisotropy of the system. The 
sample investigated allowed the magnetization to be interpreted in terms of a magnetization vector 
rotation process and described by the Stoner-Wohlfarth model. The reversible and irreversible 
components were extracted for both the magnetostriction and magnetization tensors. Up to now, 
very few direct measurements of these reversible changes in strain have been reported. The different 
magnitudes of reversible magnetization and magnetostriction are analyzed and explained 
qualitatively by a representation involving both magnetization and magnetostriction processes. The 
magnetostrictive effect is taken into account quite simply by considering a demagnetized sphere 
distorted into an ellipsoid of revolution when saturated. The ellipsoid will rotate as the 
magnetization vector according to the Stoner-Wohlfarth model. Two cases are illustrated depending 
on the easy axes location. These explain the experimental results obtained with the ferrite sample. 
© 1998 American Institute of Physics. [S0021-8979(98) 16311-9] 

I. INTRODUCTION 

Magnetostrictive effects in polycrystalline samples are 
closely associated with changes of magnetization, and de- 
pend on the direction of the bulk easy axis, on the magneti- 
zation mechanisms (domain wall motion, magnetization vec- 
tor rotation), and also on the reversible or irreversible 
processes. Here the influence of some of those parameters is 
reported. 

(1) Nine element tensor magnetic hysteresis loops and mag- 
netostriction loops were measured on a ferrite permanent 
magnet cube. Previous articles '~3 have already shown 
the significance of obtaining tensor measurements which 
also define the sample bulk easy axes. 

(2) Our specimen contains highly oriented fine Ba particles. 
The grain size is small enough to assume that the whole 
magnetization is provided by moment rotation. 

(3) Reversible magnetization and also magnetostriction were 
separated experimentally using incremental field rever- 
sals. The different magnitudes of the reversible magne- 
tization and magnetostriction tensor elements are ana- 
lyzed and explained qualitatively. 

II. EXPERIMENTS 

The sample investigated is an Indiana Indox 5 ferrite 
permanent magnet cube (25.5 mm size) with nominal com- 
position Ba06Fe203. The cube sample was placed between 
the closed pole pieces of a variable gap electromagnet. Three 
20-turn flux coils, as well as a strain gauge, were installed on 
the cube to measure magnetization and magnetostriction, re- 
spectively (Fig. 1). This method ensures that the results are 
comparable. The experimental apparatus and measurement 
technique have been described previously.1-3 In order to es- 

a)Electronic mail: Atherton@physics.queensu.ca 

timate the contribution of reversible and irreversible pro- 
cesses, small field reversals of dH are made every three 
points while the magnetization and magnetostriction major 
loops are described. Those small incremental reversible 
changes are then summed to give the reversible component. 
This operation is very sensitive to noise and requires accu- 
rately measured experimental loops. The irreversible parts 
are then deduced by subtracting the reversible components 
from the total. 

A. Magnetization, reversible, and irreversible 
components 

Only the diagonal components of the magnetization ten- 
sor are reported presently (the off diagonal components are 
much smaller).3 Figure 2 shows the reversible and irrevers- 
ible magnetization components. It has been shown 
previously1,3 that the tensor enables the sample's easy axis to 
be located close to the z axis (as represented schematically in 
Fig. 1). This gives rise to the measurement of a very square 
zZ magnetization loop with the largest irreversible process. 

B. Magnetostriction, reversible, and irreversible 
components 

Because dimensional change in one direction is accom- 
panied by a comparable change in the transverse direction, 
the magnetostriction is also measured in the x, y, and z 
directions, for each direction of the applied field. The result 
is then presented in the form of a 3 X 3 matrix in Fig. 3, 
which represents the complete magnetostriction tensor. As 
mentioned previously, this sample, composed mainly of 
single domain grains, gives the magnetostriction component 
of rotational magnetization. 

Separation of reversible and irreversible magnetostric- 
tion components has been achieved by the method described 
above. This is depicted in Fig. 4. 

0021 -8979/98/83(11 )/7106/3/$15.00 7106 1998 American Institute of Physics 
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Bulk easy axis 

coilZ 

coilX 

FIG. 1. Schematic showing 25 mm ferrite cube and associated X, Y, and Z 
coordinate system. For field applied in the x direction, \xX, XxY, and \xZ 
represent the three components of magnetostriction. The coils X, Y, and Z 
allow measurement of magnetization in each direction. 

The tensor magnetostriction loops also reflect depen- 
dence on the easy axis of the sample. In particular, the zZ 
element shows a sudden variation of magnetostriction at the 
coercive field, as evident in Fig. 4. This phenomenon is 
purely irreversible. This sudden irreversible rotation is also 
observed in the corresponding zZ element of magnetization. 
Such behavior is not observed in the other elements. 

Generally speaking, one can note the high rate of revers- 
ible compared to irreversible events involved in magneto- 
striction. At first glance, this result is surprising in view of 
the corresponding reversible and irreversible magnetization 
rates. 

III. INTERPRETATION 

The classical model used to explain rotational magneti- 
zation is the Stoner-Wohlfarth model.4 This model states 
that, due to the anisotropy energy (here the magnetocrystal- 
line energy), moment rotation under positive to negative field 
variations consists of reversible and irreversible portions. 
The latter corresponds to switching of magnetization due to 
the presence of metastable energy states. The sudden change 
of magnetostriction observed in the zZ element can then be 
interpreted as irreversible switching of moments, which is, 
again according to the model, particularly significant when 
the applied field and easy axes directions are close to each 
other. So this confirms the correctness of the sample's bulk 
easy axis direction determined elsewhere. 

It was noted that reversible magnetostriction comprises 
the main magnetostriction component. Irreversible switching 
of moments does not provide such a high rate of magneto- 
striction as magnetization. This feature can be interpreted as 
follows: Assume that under the action of the magnetostric- 

-800 800 -800 800 -800 800 

FIG. 2. Total, reversible (thick line) and irreversible (dotted line) compo- 
nent of tensor magnetization diagonal elements. The field is applied respec- 
tively in the three orthogonal directions (x,y,z). The horizontal axis is the 
magnetic field in kA/m, the vertical axis the magnetization in A/m (10+5). 
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FIG. 3. Measured tensor magnetostriction for the Indox 5 cube. Labels xX, 
xY, and xZ represent magnetostriction components measured along the x, 
y, and z directions with magnetic field in the x direction, and so on. In each 
figure, the horizontal axis is the magnetic field in kA/m and the vertical the 
magnetostriction in microstrain (10~6). 

five effect, the particles that compose the sample spherical in 
shape when demagnetized, become elongated in the direction 
of magnetization after magnetization. The ellipse so defined 
rotates according to the angle between the magnetization and 
the varying applied field. The magnetostriction is then de- 
duced by calculating the change of length in a specifie direc- 
tion. 

Two completely different cases are examined corre- 
sponding to the experimental situation: 
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FIG. 4. Reversible (thick line) and irreversible (thin line) component of 
tensor magnetostriction elements. In each figure, the horizontal axis is the 
magnetic field in kA/m and the vertical axis is the magnetostriction in mi- 
crostrain (10~6). 
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reversible irreversible reversible 

reversible 
magnetization 

reversible 
magnetostriction 

irreversible reversible 
magnetization       magnetization 

a) 

reversible 
magnetostriction 

reversible 
magnetization 

b) 

FIG. 5. (a) Magnetization and magnetostriction processes when the easy 

axis is close to the field direction. The magnetostrictive effect is illustrated 
simply by considering a demagnetized sphere distorted into an ellipsoid 
when saturated. The ellipsoid will rotate as the magnetization vector (sym- 
bolized by an arrow), (b) Magnetization and magnetostriction processes 
when the easy axis is nearly perpendicular to the field direction. 

(1) when the easy axis is close to the field direction (i.e., in 
the z direction in the ferrite sample); 

(2) when the easy axis is nearly perpendicular to the mag- 
netic field direction (i.e., in the x or y direction). 

Let us first examine the first case [Fig. 5(a)]. Depending on 
the magnitude of the field (positive to negative values), dif- 
ferent stages of the magnetization process provided by the 
Stoner-Wohlfarth model are shown. The arrows indicate the 
magnetization direction calculated by the model while the 
ellipse represents the magnetostrictive effect hypothesized to 
elongate the spherical particle in the direction of magnetiza- 
tion (the actual elongation is proportionally much smaller 
than represented). The figure shows clearly the different rates 
of both reversible and irreversible magnetostriction and mag- 
netization events. A gradual reversible rotation of the mo- 

ment takes place first and, at a certain critical field, an irre- 
versible jump occurs. This discontinuity is observed clearly 
in the zZ element of magnetization and in smaller amount in 
the zZ element of magnetostriction. So, during the process 
(which describes a half loop), the magnetostriction shows a 
comparable rate of reversible and irreversible events, while 
the irreversible rate of magnetization is much higher than the 
reversible one. These features are observed in the experimen- 
tal data for this situation (all the labelled z elements of mag- 
netostriction and magnetization). 

In the case where the easy axis is nearly perpendicular to 
the field direction, illustrated in Fig. 5(b), the irreversible 
magnetostriction becomes very small. For the magnetization, 
the reversible events also become dominant, the irreversible 
part, however, is still present. Again, the experimental loops 
show this behavior (the labelled x, and y subfigures in the 
magnetostriction tensor and the x and y magnetization 
loops). 

IV. CONCLUSION 

Both tensor magnetization and magnetostriction have 
been measured in a ferrite cube sample. The magnetization 
mechanism is a Stoner-Wohlfarth type vector rotation. 

Reversible and irreversible components of magnetization 
and magnetostriction have been extracted. The different 
magnitudes of these components have been analyzed and 
explained qualitatively by a representation involving both 
magnetization and magnetostriction processes. The rotating 
ellipse, used to represent the magnetostrictive effect in a par- 
ticle during magnetization, seems to be appropriate and help- 
ful for interpreting the experimental results. 
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Fundamental study for rosary-shaped magnetic actuators 
H. Saotomea) and K. Sakaguchi 
Faculty of Engineering, Chiba University, Inage, Chiba 263, Japan 

Rosary-shaped magnetic actuators are proposed. The actuators consist of multiple permanent 
magnet cubes connected in a queue or in a circle. By applying the magnetic field to the magnet 
cubes, the actuators are supposed to move in liquid and convey medicine in a human body. For the 
first stage, this article shows the fundamental analysis and experimental results of controlling 
one-magnet motions. We studied motions of a magnet of two poles, put in water, where the magnet 
was equipped with a float. The floating magnet was column shaped with a 10 mm diam and 6 mm 
height. We have succeeded in independently fixing the position and angle of the magnet by 
controlling the currents flowing in two separate coils. © 1998 American Institute of Physics. 

,    [S0021-8979(98)16411-3] 

I. INTRODUCTION 

Magnets made of Nd-Fe-B material have a large en- 
ergy product. With the development of these strong magnets, 
various types of magnetic actuators can be produced. We 
propose magnetic actuators with magnet cubes connected in 
a queue or in a circle, as shown in Fig. 1. The actuators are 
driven by the controlled magnetic field. The size of each 
magnet element can be reduced to millimeter range and 
more, therefore, it is possible that the actuators may work in 
a human body, such as in the digestive and circulatory sys- 
tems. The driving field is generated by the coil currents out- 
side the body. 

In order to realize the actuators in Fig. 1, for the first 
step, we studied how to control the position and angle of one 
magnet by the currents flowing in two separate coils. Its 
method and experimental results are shown in this article. 

II. MOTION OF A MAGNET 

A. Position and angle fixation 

Assuming a magnet whose magnetic moment is M, the 
force F and the torque T of the magnet, generated by the 
magnetic field H, are given by 

F=(M-grad)H (1) 

and 

T=MXH, (2) 

respectively.1'2 The magnet moves toward the position where 
the magnetic field is maximum and faces the direction of the 
magnetic field. The torque is proportional to the magnetic 
field while the force is proportional to its gradient. From Eqs. 
(1) and (2) it is found that the force and torque on the magnet 
can be independently controlled by the magnetic field distri- 
bution around the magnet. 

We assumed x — y coordinates and put a magnet on the x 
axis, as shown in Fig. 2. The magnetic field is generated by 
two separate coils shown in Fig. 3. Figure 4 shows calculated 
magnetic field distributions on the x axis, given by control- 

a)Electronic mail: saotome@cute.te.chiba-u.ac.jp 

ling the currents Ix and 12 of the coils. The values of the 
currents are shown by [Ix ,I2] in Fig. 4. The depicted mag- 
netic field H(x) is of the x direction and calculated by 

H(x)-- 
nha nl2a 

2{a2 + (x + d)2}3'2    2{a2 + (x-d)2} 2l3/2' (3) 

where n is the number of turns of the coils. 
Because the angle (0) of the magnet with respect to the x 

axis is not controlled by H(x) only, we used the geomag- 
netic field as the field of the y direction, i.e., H(x) is perpen- 
dicular to the geomagnetic field Hg, which is uniformly dis- 
tributed in the space around the magnet. As a result, 6 is 
determined by 

0=tan -l 

H(x) 
(4) 

i.e., the fixation of 8 is carried out by controlling the magni- 
tude of H(x). On the other hand, the force of the x direction 
is given by 

F=M cos 6 
dH{x) 

dx 

By the force, the magnet moves to the position where 

dH(x) 

dx 
= 0. 

(5) 

(6) 

From Eqs. (4), (5), and (6), it is found that the position and 
angle of the magnet can be controlled by the H(x) distribu- 
tion, which is generated by 7t and I2. 

When we want to carry out the fixation of the position 
and angle of the magnet, the values of 7t and I2, correspond- 
ing to the goal, are not analytically obtained with Eqs. (3), 
(4), and (6). However, it is observed from Fig. 4 that the 
peak position of the magnetic field is approximately deter- 
mined by the ratio 

(7) 
/i+V 
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(a) (b) 

FIG. 1. Proposed magnetic actuators, (a) Queue-shaped type and (b) circular 
type. 

FIG. 2. A magnet put on the x — y coordinates. 

FIG. 3. Two separate coils for generating magnetic field distribution. 
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[120,60] 

[94,94]      8 CJ       Currents [/,, I2] (mA) 

~ """ "J_" ~ [60,120] 

[100,50] [50,100] 

[78,78] 

-20  -10    0      10     20     x(mm) 

FIG. 4. Calculated magnetic field distributions on the x axis. The number of 
turns of the coils, n = 50 (turns), the radius of the coils, a = 53 (mm), and the 
distance between the coils, d= 19 (mm). 

illllllHIMil'imflltifflfflfflm tSnfriHfffrTT 

(b) 

FIG. 5. (a) A floating magnet of two poles, (b) The magnet is put in a pipe 
and floating on water. 
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FIG. 6. Position control by the current ratio. 

and the magnitude of the magnetic field is proportional to the 
total current 

/,=/, + /2. (8) 

This result implies that we can control x and 6 by r and /,, 
respectively. 

B. Implementation 

In order to demonstrate the control of the position and 
angle by experiments, a magnet of two poles, equipped with 
a float, was made, as shown in Fig. 5(a). The magnet is 
column shaped with a 10 mm diam and 6 mm height. The 
magnet is put in a transparent pipe and floating on water, as 
shown in Fig. 5(b). The pipe is put in perpendicular to the 
geomagnetic field, i.e., it is set on the x axis in Fig. 3. We 
made the radius of the coils, a = 53 (mm), and the distance 
of the coils, 2d=38 (mm). 

Figure 6 shows the calculated and experimental results 
of x and 8 when the current ratio r has been changed and the 
total current is kept at 7,= 300(mA). The calculated and 
experimental results almost coincide with each other. It is 
also found from Fig. 6 that the position x has been controlled 
by the current ratio r, while the angle 6 is almost kept at a 
constant value. 

Figure 7 shows the calculated and experimental results 
of x and 6 when the total current /, has been changed and the 
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FIG. 7. Angle control by the total current. 
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current ratio is kept at r=0.6. The calculated and experimen- 
tal results almost coincide with each other. It is also found 
from Fig. 7 that the angle 0 has been controlled by the total 
current I,, while the position x is almost kept at a constant 
value. 

by the current ratio and the total current of two separate 
coils, respectively. This technique will be the basis of con- 
trolling the proposed actuators in Fig. 1. 

III. CONCLUSION 

As shown above, we have succeeded in independently 
controlling the position and the angle of a two-pole magnet 

'K. Ohta, Zikikougaku no kiso I (Kyoritsu, Tokyo, 1973), Chap. 1, in 
Japanese. 

2M. Matsumoto, Denzikigaku (Kyoritsu, Tokyo, 1985), Chap. 12, in Japa- 
nese. 
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The design and analysis of axial field multipole impulse 
magnetizing fixtures 

C. D. Riley 
Magnetic Systems Technology Ltd., Sheffield Technology Park, 60 Shirland Lane, Sheffield, 
S9 3SP United Kingdom 

G. W. Jewell and D. Howe 
Department of Electronic and Electrical Engineering, The University of Sheffield, Mappin St. Sheffield, 
SI 3JD United Kingdom 

A methodology for the design of fixtures for the multipole magnetization of axially magnetized 
permanent magnet rings is presented. The methodology, which is based on three-dimensional 
analytical field calculation techniques, embraces the calculation of the fixture electrical parameters, 
the electrical simulation of the fixture performance and the calculation of the level of saturation 
achieved in the permanent magnet. The methodology is validated by means of an experimental case 
study on a 6 pole isotropic NdFeB magnet ring. © 1998 American Institute of Physics. 
[S0021-8979(98)36211-8] 

INTRODUCTION 

Axially magnetized multipole permanent magnet rings 
are widely used in devices such as axial-field machines for 
radiator cooling fans, electric wheel chair motors, office 
equipment and automotive electric window mechanisms.1'2 

This paper addresses a key stage during the device manufac- 
ture, viz. the multipole magnetization of the magnet ring by 
means of capacitor discharge impulse magnetization. Sche- 
matics of the typical forms of single and double sided, axial 
field multipole magnetizing fixtures are shown in Fig. 1. 
Two-dimensional magnetic field calculation techniques have 
been employed in the design of axial field multipole magne- 
tizing fixtures with some degree of success by a number of 
authors.3'4 However, in many cases, particularly those in- 
volving magnet rings with a relatively large ratio of outer to 
inner diameter, and fixtures in which the end-windings are 
located in close proximity to the outer edge of the magnet 
ring, recourse to three-dimensional analysis is necessary. 

The design methodology presented in this paper is appli- 
cable to a wide range isotropic and anisotropic permanent 
magnet materials. However, the focus in this paper is on 
isotropic NdFeB bonded magnets since they are particularly 
difficult to multipole magnetize, both in terms of the high 
magnetizing field strengths required to ensure saturation 
(typically 2500 kA/m), and the isotropic behavior which dic- 
tates that the magnetizing field distribution must conform to 
the desired orientation of the final remanent magnetization. 

DESIGN METHODOLOGY 

The design methodology is based on a scanning ap- 
proach in which the relative merits of a large number 
of candidate fixture designs are compared. A given axial 
field fixture/magnetizer system can be fully described by 
a relatively small number of parameters, viz. the basic 
topology (i.e., single or double sided), the number of 
conductors per pole, the arrangement of the conductors 
at each pole, the conductor diameter, the radial overhang 
of the conductors,  and the  magnetizer capacitance  and 

initial voltage. The performance of a particular combination 
of parameters is predicted in a number of stages: 

(i) Calculation of fixture inductance and initial resis- 
tance. 

(ii) Calculation of the peak current and temperature rise 
during the impulse period. 

(iii) Calculation of the localized magnetizing field at a 
number of points within the magnet volume. 

(iv) Calculation of the level of saturation and degree of 
alignment achieved in the magnet. 

The cornerstone of the design methodology is the calcu- 
lation of the three-dimensional magnetizing field distribution 
produced by a given design of magnetizing fixture. This is 
the basis for determining both the fixture inductance and the 
level of saturation achieved in the magnet. An analytical 
field calculation technique is employed, since air-cored mag- 
netizing fixtures generally represent a good approximation to 
a linear problem domain.4 The field calculation technique is 
based on the superposition of the field produced by the indi- 
vidual straight and curved conductors segments from which 
a multipole fixture is composed. The coordinate systems 
used in the calculation of the flux density at a general point P 
due to straight conductors and arc segments are shown in 

Single-sided 

FIG. 1. Schematic representations of single and double-sided axial field 
multipole magnetizing fixtures. 
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where 

FIG. 2. Three-dimensional coordinate system for the calculation of flux 
density at the general point P due to a finite length straight conductor. 

Figs. 2 and 3, respectively. The components of flux density 
produced by the conductor segments at the general point P 
when carrying a current /, are given by Eqs. (1) and (2), 
respectively, 

(h-z) 
Br=Bm sin cf>, 

BA,— B„ 

Bz~Bn 

ro 

(li- z) 

ra 

r sin <k 

cos cf>, (1) 

r0 

where 

Bm — 
/ipl  [        (Zp+q/2)) 

(za~(LI2)) 

[r2
0+(z0-(U2))2]m 

fi0Iaz   f*2 cosC*-^) _fi0Iaz   f*2 cos!1? 

4TT    J-Vi R 

f*2 sin(* 

J*l R 

d°V, 

/jL0Iaz   f*2 sin( V-<f>) 
B+= —  -.        dV, 

477"       '," D (2) 

B 
fi0Ia   f*2 a-r cosC*1 -(f>) _ßgla   n 

R5 
dV, 

P(r,d),z) 

>cj)= 0 

FIG. 3. Three-dimensional coordinate system for the calculation of flux 
density at the general point P due to a finite length are segment conductor. 

R = [az+r2 + z2-2arcos(y-</>)] 1/2 

The integral terms in each of the above expressions are 
evaluated numerically by means of a second order integra- 
tion. The net resultant field at a given point can be calculated 
by a summation of the contributions of each elemental con- 
ductor, with due account of the individual current polarities. 

The overall fixture inductance is calculated from a sum- 
mation of the flux linkage of each winding layer. This in 
turn, is evaluated by integrating the analytically calculated 
axial component of flux density over at a number of discrete 
points on a surface which covers one pole and is located at 
the same axial position as the winding layer under consider- 
ation. To ensure that an adequate number of discrete points 
are used, an algorithm is employed which automatically in- 
creases the number of summation points until the fractional 
change in the predicted value of inductance falls below a 
prespecified tolerance. The fixture resistance is given by 

' N      I o 

2  /      2lT 
j=i 

p\2lr (roj+rtj). PCu 

^fix- 

where N= number of coils per pole, p = number of poles, 
lrj — length of radial conductors, rtj,r0j = inner, outer end- 
winding radii, Ac = cross sectional area of conductor, 
pCu=electrical resistivity of copper. 

The peak current and temperature rise of a given fixture/ 
magnetizer combination is predicted by an electrical simula- 
tion previously developed for the design and analysis of mul- 
tipole radial magnetizing fixtures, in which due account is 
taken of the change in fixture resistance caused by heating 
during the impulse period.3 

The three-dimensional analytical field calculation tech- 
nique can be used to determine the magnitude and orienta- 
tion of the applied magnetizing field strength at a large num- 
ber of points within the magnet. Whereas neglecting 
the nonlinearity in calculating the level of applied field 
is valid in a large number of cases, due account of the 
self-demagnetizing effect must be taken in calculating the 
net magnetizing field strength to which a region of the mag- 
net is exposed. This is achieved by using an established tech- 
nique previously proposed by the authors.3 

E 

1*10'     ^ 

Initial magnetizing field (A/m) 

FIG. 4. Measured dependency of the remanence and intrinsic coercivity of 
Piastiform 2004D isotropic NdFeB on the magnitude of the initial magne- 
tizing field strength. 
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TABLE I. Fixture design parameters and measured performance. 

Conductors per pole 6 Predicted time to peak 258 /xs 
Conductor diameter 2.0 mm Measured peak current 23.6 kA 
Capacitor voltage 2.8 kV Measured time to peak 255/is 
Volume saturation 97.2% Predicted resistance 34.1 mil 

Orientation 97.3% Predicted inductance 15.4 /JB 

Temperature 135 °C Measured resistance 36.0 mft 
Predicted peak current 23.1 kA Measured inductance (at 1 kHz) 14.8 fiH 

Having established the distribution and orientation of the 
localized net magnetizing field, the level of saturation can be 
calculated from material characteristics such as those in Fig. 
4 which shows the measured dependency of the remanence 
and intrinsic coercivity on the magnitude of the magnetizing 
field strength. A useful global figure of merit for comparing 
different fixture designs is the percentage volume saturation, 
which is defined as the integral over the magnet volume of 
the products of the remanence and coercivity achieved at 
each discrete point as a percentage of the maximum obtain- 
able values in a fully saturated magnet.5 In order to quanti- 
tatively compare the degree of axial orientation of the mag- 
netization, a further figure of merit can employed, viz. the 
percentage axial alignment, which is a weighted average of 
the degree of alignment at each discrete point. 

CASE STUDY 

In order to validate the various constituent calculation 
techniques, and to demonstrate the utility of the overall de- 
sign methodology, a fixture to magnetize a 6-pole isotropic 
NdFeB magnet ring was designed and constructed. The mag- 
net ring (inner diameter 40 mm, outer diameter 120 mm), 
comprised 5 layers of 1 mm thick Arnold Engineering Plas- 
tiform 2004D flexible bonded NdFeB sheet, the characteris- 
tics of which were shown previously in Fig. 4. The fixture 
was designed to operate with an existing 10 kJ capacitor 
discharge magnetizer (0-3 kV continuously variable, 0- 
2200 /JF in 445 /JF increments), with a rated maximum cur- 
rent of 45 000 A. 

b   -10 

a 

' 

/D      \ 

V 

r = 40mm D      Measured 
    Predicted 

^_^-~-"o 
u    a    □    D    a    u 

Angular position (°mech) 

FIG. 5. Measured and predicted profiles of the normal component of flux 
density 0.5 mm above the magnet surface (circumferential profile at a radius 
of 40 mm). 

In order to produce as near an ideal axial orientation of 
magnetization within the isotropic magnet ring, a double- 
sided fixture was selected since this topology of fixture in- 
herently produces a better axially aligned magnetizing field 
than a single-sided fixture. An axial clearance of 1 mm was 
specified between the leading conductors and the surface of 
the magnet in order to provide sufficient containment for the 
winding, while a maximum conductor temperature of 200 °C 
(from a 20 °C starting ambient) was specified. 

Following extensive scanning of the fixture parameters, 
the fixture design whose parameters are shown in Table I 
was identified as being the most suitable. 

The measured inductance and resistance of the fixture 
were in good agreement with the predicted values, as shown 
in Table I. 

Following the magnetization of the magnet ring, the nor- 
mal component of flux density at a distance of 0.5 mm from 
the magnet surface was measured using a Hall effect gauss- 
meter equipped with a probe with an element of diameter 0.2 
mm. In order to confirm that the measured flux density pro- 
files correspond to a fully saturated magnet with the desired 
orientation, a three-dimensional magnetostatic finite element 
calculation of the field produced by an idealized magnet with 
same demagnetization characteristic was performed, i.e., a 
magnet which is fully saturated throughout its volume with 
an entirely axial direction of magnetization. The finite ele- 
ment calculation was performed using MEGA.6 Figure 5 
shows the excellent correlation between the measured and 
predicted flux density along a circumferential profile span- 
ning one pole at a radial distance of 40 mm form the center 
of the magnet ring. This demonstrates, that as predicted dur- 
ing the design synthesis, the selected fixture does indeed pro- 
duce a very close approximation to a fully saturated, fully 
axially orientated 6 pole magnet ring. This demonstrates al- 
beit on a rather large magnet ring, that by careful design of 
the fixture, the properties of a multipole magnetized ring can 
often show negligible departure from those which can be 
achieved with individually magnetized segments. However, 
it is likely that this departure from an idealized orientation 
will inevitably become more pronounced as the magnet size 
is reduced. 

'j. G. W. West, Automotive and Aerospace Applications of NdFeB, Pro- 
ceedings Gorham/Intertech NdFeB 95 Conference, San Diego, California. 

2P. Campbell, Electrical Rev. 8th March (1974). 
3J. K. Lee and E. Furlani, J. Appl. Phys. 67, 1570 (1990). 
4G. W. Jewell, Ph.D. thesis, The University of Sheffield, 1992. 
5G. W. Jewell, C. D. Riley, and D. Howe, IEEE Trans. Magn. 33, 708 

(1997). 
6MEGA Reference Manual (The Applied Electromagnetics Research Cen- 

tre, The University of Bath, UK). 
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Fabrication of a micromotor driven by electromagnetic vibration 
T. Hondaa) and J. Yamasaki 
Kyushu Institute of Technology, 1-1 Sensuichou, Tobata-ku, Kitakyushu 804, Japan 

A new electromagnetic rotary mechanism utilizing a friction drive is proposed. An electromagnetic 
vibration excited on a permanent magnet is converted to a rotary movement through a frictional 
force. A trial motor, composed of a magnet rotor with inclined legs and an excitation coil, was 
fabricated and successfully operated. A no-load revolution speed up to 400 rpm and a reversible 
rotation were achieved.   © 1998 American Institute of Physics. [S0021-8979(98)49311-3] 

I. INTRODUCTION 

During the last decade there has been much work to- 
wards realizing micromotors for the microelectromechanical 
systems. Most of these efforts focused mainly on electro- 
static side-drive micromotors and variable reluctance mag- 
netic ones, which, however, face a serious problem. Their 
very high revolution speed over 104 rpm and poor torque are 
unacceptable for practical applications. 

To solve this problem and realize the practical micromo- 
tor, two rotary mechanisms with large torque at a low revo- 
lution speed have so far been proposed. One is a wobble 
mechanism,1'2 in which a cylinder rotor rolls inside a stator 
with either electrostatic or electromagnetic forces. The other 
is a friction drive mechanism, which converts a mechanical 
vibration to a rotary movement through a frictional force. 
Several kinds of ultrasonic micromotors based on a piezo- 
electric vibration have been proposed,3'4 but only a few at- 
tempts have been made at the other friction drive motors. 

In this study, we proposed a new magnetic micromotor 
utilizing the friction drive mechanism, which can convert the 
electromagnetic vibration to the rotary movement. In this 
article, the structure, principle, and no-load characteristics of 
the trial motor are described. 

II. DEVICE STRUCTURE 

Figure 1(a) shows a side view of a trial-fabricated fric- 
tion drive motor. It consists of a cylinder rotor, 5 mm in 
diameter and 3 mm in height, and a small solenoid coil. The 
rotor is a NdFeB magnet, magnetized along the height direc- 
tion, and has four elastic legs on the base. The legs, made of 
a polyethylene terephthalate (PET) film with a thickness of 
0.1 mm, are inclined at a certain angle, 8, arranged equally 
round the perimeter of the rotor base, as shown in Fig. 1(b). 
The size of the legs is 1.5 mm long and 1.25 mm wide. In 
this study, we examined two different inclined angles: 6 
= 50° and 85°. The rotor is laid on a cover glass fixed on the 
end of the coil. In order to vibrate the rotor by using the 
attractive force, an ac current biased with a dc current is 
applied to the coil. The value of the dc current is the same as 
the amplitude of the ac current. Thus the rotor is magneti- 
cally fixed on the coil end without any external mechanical 
preload. 

III. OPERATION PRINCIPLE 

Let the z axis be the vertical direction in Fig. 1. The 
vertical force, Fz, acting on the magnet with magnetization, 
Mz, and volume, V, is given by 

/ 
Fz = Mz-     dHz/dz-dV, (1) 

where Hz is the z component of the magnetic field produced 
by the solenoid coil. The attractive force by the sinusoidal 
current biased with the dc current can be represented by 

Fz(t)=-F0z{l+sm2Trft)/2, (2) 

where F0z is the maximum attractive force in the z direction 
and / is the excitation frequency. Since the legs act as elastic 
springs, the rotor vibrates downward and upward according 
to the attractive force. At the same time an angular move- 
ment occurs due to the frictional force of the tip of the legs. 

Vibration 

NdFeB magnet 

PET 
(t= 0.1mm) 

Solenoid coil 

(a) Side view 

PET 
(5mm X5mm x 0.1 mm) 

a,Electronic mail: honda@mag.ele.kyutech.ac.jp 

(b) Structure of the rotor 

FIG. 1. Schematic view of the trial motor. 
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Magnet Downward 

* motion 

I 

Stator 

FIG. 2. Relation between the normal reaction and the frictional force. 

Before turning to a closer consideration about the angu- 
lar movement, we must describe the sliding condition of the 
leg during the downward motion. Figure 2 shows the relation 
between the normal reaction, N, and the frictional force, ti 
N, at the tip of the leg when the rotor starts displacing down- 
ward. Here /x is the frictional coefficient. Taking account of 
the moment equilibrium about the hinge, the following rela- 
tion is found: 

0=tan-1(l/AO- (3) 

If 9»tan~l(l/jji), the tip of the leg is self-locked and cannot 
slide during the downward motion. On the other hand, if 6 
<tan"1(l/^,), the tip slides in the right-hand direction. In 
general, fx, is 0.2-0.5 and, therefore, the angle that satisfies 
Eq. (3) may be 60°-80°. We will consider the predicted 
behavior of the rotor in the following two cases. 

A. 05=tarr1(1//w) 

Figure   3   illustrates   the   predicted   behavior   for   8 
^tan-^!/^). At a low frequency range, the rotor vibrates 

Downward motion 

(a) 

Upward motion 

(b) 

Upward motion 

/•«VS    (C) 

FIG. 3. Predicted behavior of the leg for 03=tan \l/fi). 

FIG. 4. Predicted behavior of the leg for 0<tan \\lfi). 

around the contact point without sliding and remains at the 
original position, as shown in Figs. 3(a) and 3(b). At higher 
frequencies, however, the tip slides in the left-hand direction 
during the upward motion because the increase in the z com- 
ponent of the acceleration of the vibration decreases the nor- 
mal reaction and hence reduces the frictional force. If the z 
component of the acceleration is larger than that of the grav- 
ity, the tip may take off from the stator and touch down to 
the left side, as shown in Fig. 3(c). Thus, the rotor moves in 
the left-hand direction at higher frequencies. 

B. 0<tarr1(1//*) 

Figure 4 illustrates the predicted behavior for 0 
<tan~'(l/yu,)- During the downward motion, the leg slides in 
the right-hand direction, as shown in Fig. 4(a). During the 
upward motion, on the other hand, two different behaviors 
are possible, depending on the frequency, as shown in Figs. 
4(b) and 4(c). At a low frequency range, the tip is pushed 
against the stator and the rotor stands up around the tip with- 
out sliding. Thus the motor moves in the right-hand direc- 
tion. At a high frequency range, the tip moves in the left- 
hand direction for the same reason as in Fig. 3(c). In this 
case, the rotational direction depends on the difference of the 
sliding distance between upward and downward motions. 

IV. RESULTS AND DISCUSSION 

In this study, we examined the no-load revolution speed 
when F0z was approximately 120 mN. Figure 5 shows the 
revolution speed for 0=50° and 85° as a function of the 
excitation frequency. The sign of the revolution speed means 
the rotational direction, in case of a plus sign, rotates in the 
left-hand direction in Fig. 2. 

First, we focus on the result for 0=85°. The motor 
hardly rotated below 600 Hz though the slight rotation in the 
negative direction was observed around 200 Hz. The rotation 
in the positive direction suddenly occurred at 600 Hz and 
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FIG. 5. Revolution speed as a function of the excitation frequency. 

reached a peak of 400 rpm at the same time. This sudden 
rotation was caused by the mechanical resonance in the z 
direction. Afterwards the revolution speed decreased with 
increasing the frequency and then exhibited a second peak 
around 1.2 kHz, which may be due to the resonance in the 
angular direction. 

On the other hand, the result for 0=50° showed a re- 
versible rotation. At lower frequencies below 200 Hz, the 
motor rotated in the negative direction, as expected, and the 
revolution speed increased with increasing the frequency. 
The maximum revolution speed of 160 rpm was obtained at 
200 Hz. But the rotation stopped at the range 200-300 Hz 
because the amplitude of the vibration in the z direction was 
too large to rotate stably. Afterwards, the rotational direction 

changed to the positive direction with the increasing the fre- 
quency and reached a peak of 230 rpm at 480 Hz. The rota- 
tion in the positive direction at higher frequencies suggests 
that the sliding distance is larger during the upward motion 
than during the downward motion. 

Finally, we must remark on the torque of the motor. The 
torque measured was only the order of 10~5 Nm. Of course, 
the torque can be improved by increasing the electromag- 
netic attractive force. One promising method would be to 
insert the core into the driving coil. This point is currently 
under investigation. 

V. CONCLUSIONS 

We have proposed a new type of rotary micromechanism 
which can covert the electromagnetic vibration to the rotary 
movement through the frictional force of the inclined legs. 
The trial motor based on this mechanism successfully rotated 
and exhibited unique characteristics depending on the in- 
clined angle of the legs. The unique characteristics obtained 
suggest that the mechanism is useful as a driving principle of 
a micromotor. 

'S. C. Jacobsen, R. H. Price, J. E. Wood, T. H. Rytting, and M. Rafaelof, 
Sens. Actuators 20, 1 (1989). 

2W. Trimmer and R. Jebens, Sens. Actuators 20, 17 (1989). 
3K. R. Udayakumar, S. F. Bart, A. M. Flynn, J. Chen, L. S. Tavrow, L. E. 
Cross, R. A. Brooks, and D. J. Ehrlich, Proc. IEEE MEMS'91 Workshop, 
109 (1991). 

4T. Uchiki, T. Nakazawa, K. Nakamura, M. Kurosawa, and S. Ueha, Jpn. J. 
Appl. Phys. 30, 2289 (1991). 
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New permanent magnet couplings for screwing devices 
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The use of permanent magnet coaxial synchronous couplings in screwing devices allows one to 
adjust the screwing torque very precisely, but the symmetrical behavior of classical systems always 
leads to a partial unscrewing. This article shows that the dissymmetry of this behavior can be 
enhanced only by the modification of the shape of the magnets stuck on the rotors. The 
consideration of some basic geometrical parameters (number and length of poles) and the 
application of rules to reach the dissymmetry lead to improved couplings for screwing devices. 
© 1998 American Institute of Physics. [S0021-8979(98)17011-l] 

I. INTRODUCTION 

The permanent magnet couplings1 allow transmitting 
forces and torques without any contact between interacting 
parts. The use of distance attraction forces between magnets 
makes it possible to obtain total watertightness, by means of 
a nonmagnetic wall in the airgap between the rotors. The 
autonomy and the absence of servicing for these couplings 
also explain their use in high security and pumping devices, 
as well as in mixing devices in farm-produce or pharmaceu- 
tical industries. This article first studies classical permanent 
magnet coaxial synchronous couplings (Fig. 1) with jointive, 
identical in shape poles (jointive poles have radial sides in 
contact); manufactured magnets (called poles of the cou- 
pling), alternatively north (whose magnetization is oriented 
towards the airgap) and south magnetized, are stuck on the 
inside and outside magnetic rotors. 

Section II of this article describes optimization2'3 of 
these structures. Section III deals with new coupling struc- 
tures that are designed and optimized to solve some prob- 
lems of screwing devices. It shows that the unscrewing that 
occurs after the synchronism is broken can be avoided by 
reshaping the magnets. All the calculations are done with a 
two-dimensional finite elements program4 (FLUX2D). The 
three-dimensional (3D) phenomena are avoided since all the 
couplings considered here are 1 m long; they also all have a 
2 mm wide airgap and a 50 mm average radius in the airgap. 
The magnet material is Sm2Co17, which is defined with a 
remanence of 1 T and a magnetic permeability of 1. Its high 
coercive field (900 kA/m) allows regarding all sorts of mag- 
net shapes with a very low risk of demagnetization. 

II. OPTIMIZATION OF CLASSICAL COUPLINGS 

The synchronous driving is created by a tangential at- 
traction between opposite magnetized poles, due to the an- 
gular deviation between the driving and the driven rotor. The 
transmitted torque increases with the deviation up to a pull- 
out value, which is the maximum torque the coupling can 
transmit. Then, an additional angular deviation breaks the 
synchronism, and the rotors begin to slip. The knowledge 
and the control of this pull-out torque allow one to design 
precise screwing devices, since the screwing stops when this 
value of torque is reached. 

A. Number of poles 

At a given distance of a magnet, the level of magnetic 
induction depends on the outer surface of the magnet (Fig. 

2). Moreover, the torque transmitted by a magnetic coupling 
quadratically depends on the average level of magnetic in- 
duction in the airgap. The study of the transmitted torque 
versus the number of pairs of poles shows that an optimum 
angular width of the magnets exists for an imposed width of 
airgap (Fig. 3), since the width of jointive poles is a direct 
function of the number of poles. This optimum is displaced 
in Fig. 3, to the left (respectively right) when the airgap is 
widened (respectively narrowed). For a very large number of 
poles, the dead zones (parts of magnets where the field lines 
directly close up on the neighbor pole) cover the whole mag- 
nets, and the pull-out torque value tends towards zero. 

B. Length of magnets 

Two face to face magnets in a coupling are submitted to 
a primary force due to the magnetic masses5 of their airgap 
surfaces and an opposite secondary force due to the interac- 
tion of their posterior face magnetic masses with the airgap 
face of the other magnet. The increase of their length L (Fig. 
1) moves their posterior face away and reduces the strength 
of the secondary force. The total force is hence increased, 
and the pull-out torque tends towards an asymptotical value 
(Fig. 4). The induction level in the magnets, for systems 
whose length of magnets places them at the bending of the 
curve on Fig. 4 is the half of the remanent induction level. If 
the demagnetization characteristic is linear,2 this implies that 
their magnets work at their highest level (point of - BHmm), 
which is of course economically favorable. 

FIG. 1. Classical type of a permanent magnet coaxial synchronous coupling. 

0021 -8979/98/83(11 )/7118/3/$ 15.00 7118 © 1998 American Institute of Physics 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Quellec, Lemarquand, and Lemarquand       7119 

4000 

3500 

V 3OO0 
1 
§, 2500 

| 2000 
a 
1  1500 
"5 
J3 looo 

500 

 Narrow magnet 

 Widemagnei 

\ «s 

^^^ 
"— — — 

0 2 4 6 8 10 

Distance to the outer surface (mm) 

FIG. 2. Level of induction measured as a function of the distance to the 
surface, for a wide and a narrow magnet, which have the same length. 

C. Conclusion 

The goal of the maximum possible pull-out torque ne- 
cessitates the optimization of both number of poles and 
length of magnets. This conclusion is subjected to a compro- 
mise according to economical criteria, since magnet materi- 
als and manufacturing are both expensive. It sometimes ap- 
pears to be cheaper to add some length of magnets (if the 
system size allows it), instead of increasing the number of 
poles. 

III. IMPROVEMENT OF COUPLINGS FOR SCREWING 
DEVICES 

The curve linking the transmitted torque to the angular 
deviation between the rotors is sinusoidal for a classical type 
of permanent magnet coaxial synchronous couplings (Fig. 5). 
This symmetrical shape means that after the synchronous 
screwing—up to the pull-out torque—the lead rotor is sub- 
mitted to an unscrewing torque that has the same value as the 
screwing one. The goal of this study is to modify the shape 
of the poles to reach systems whose torque-deviation curve is 
as dissymmetrical as possible: negative and positive maxi- 
mum values of torque and angular ranges for screwing and 
unscrewing should be as different as possible. 

A. Influence of the cyclic ratio 

The decrease of the cyclic ratio (ratio of the angular 
width of the north-magnetized poles on the polar pitch, 
which is the angular size of two consecutive poles) implies 
narrower and more angularly spaced out peaks for the curve 
(Fig. 5). This type of coupling does not have the same angu- 
lar stiffness depending on the direction of rotation: the slope 
of the curve is not the same whether it is considered on one 
side of a peak or on the other side. 

10 20 30 40 

Magnet length on the two rotors In mm 

FIG. 4. Pull-out torque as a function of the length of magnets for a system 
fitted out with five pairs of poles. 

C yelic ratio of 
0.3 
C yc lie ratio  of 
0.5 

s f 
i r 
i 

FIG. 5. Transmitted torque versus angular deviation of rotors for two cyclic 
ratios in the case of a five pairs of poles system. 
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FIG. 6. Geometry of permanent magnet coupling with inclined plane (a) and 
inclined plane-plateau (b) south-magnetized poles on inside rotor. 
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FIG. 7. Comparison of a classical system and a system with inclined planes 
poles, with five pairs of poles. 
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FIG. 3. Pull-out torque as a function of the number of pairs of poles. 
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FIG. 8. Transmitted torque vs the deviation angle between rotors, for a 
plateau/pole ratio of 0.33 and a cyclic ratio of 0.25, compared to a classical 
system (12 pairs of poles). 
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B. Dissymmetrical poles 

To have a dissymmetrical behavior of the coupling, the 
field lines have to be concentrated in the airgap at the posi- 
tive maximum torque position, but not at the negative maxi- 
mum torque position. This is why poles that are not invariant 
by rotation are introduced as poles with inclined planes, for 
example [Fig. 6(a)]. The whole curve and the angular posi- 
tion of the maximum torque values in the peaks are displaced 
in the same direction (Fig. 7). The forces are functions of 
(1/r2), where r is the distance between magnets. As r is not 
the same on both sides of the south poles, the resultant force 
is no longer equal to zero for no deviation. The increase of 
the slope of the inclined plane emphasizes this phenomenon, 
and reduces the torque level (the average distance between 
face to face poles is increased). A plateau made on the south 
magnets [Fig. 6(b)] allows one to reach higher torque values. 

C. Cyclic ratio different from 0.5 and dissymmetrical 
south-magnetized poles 

All the couplings studied at the end of this article are 
fitted out with 12 pairs of poles. By combining the distance 
between peaks (due to the decrease of the cyclic ratio, and 
the displacement of the curve, due to one rotor with south- 
magnetized poles fitted out with a plateau and an inclined 
plane) the torque-deviation curves become dissymmetrical 
(Fig. 8). The relative size of the plateau on the south poles of 
one rotor, measured by the a ratio of the angular size of the 
plateau to the angular width of the south poles, has an influ- 
ence on the dissymmetry of the curve (Fig. 9). This dissym- 
metry is measured by two parameters: the "Minmax ratio" 
of the difference between the values of positive and negative 
maximum torques on the absolute value of the higher maxi- 
mum (Fig. 10) and the relative displacement of the "middle 
point" of the curve (M point on Fig. 8). The most interesting 

C y c lie  ra tlo  of 0.2 5 
C y c lie  ra tlo  o f 0 .4 
C y c lie   ra tlo   o f 0 .5 

g 
x n 
E 

alpha  ra tlo 

FIG. 10. Minmax ratio as a function of the plateau/pole ratio (24 poles). 
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FIG. 11. Minmax ratio and maximum transmitted torque as functions of the 
length of magnets on the inside rotor (12 pairs of poles). 

system with regard to the dissymmetry is thus fitted out with 
a cyclic ratio of 0.25 and an a ratio of 0.2, for which the 
unscrewing torque is almost half of the screwing one. This 
configuration of coupling is considered in the next section. 
The "perfect case" would be a screwing torque higher than 
the unscrewing one and a screwing range for rotors angular 
deviation greater than the unscrewing one, this seems impos- 
sible because of the conservation of energy. 

D. Influence of the length of asymmetrical magnets 

The introduction of dissymmetrical poles implies a loss 
of torque level. The increase of the magnet length on the 
dissymmetrical rotor can then be considered. As this in- 
creases the imbalance distance between airgap surfaces, the 
dissymmetry is enhanced (Fig. 11). However, the slope of 
the inclined plane increases as well, and from a limit value of 
length, the field lines close up more easily on the neighbor 
magnet, and do not take part in the airgap induction level. 
That is why the pull-out torque level does not follow the 
increase of length (Fig. 11). A compromise will conse- 
quently have to be chosen once more, depending on the 
wanted levels of pull-out torque and dissymmetry. 

IV. CONCLUSION 

The number of poles and the length of the magnets stuck 
on the rotors are parameters that allow one to optimize clas- 
sical permanent magnet coaxial synchronous couplings. It is 
possible to minimize the volume of magnet for a given 
torque or to maximize the torque for a given volume. More- 
over, new structures of couplings are presented. They are 
adapted to screwing devices and allow one to avoid the un- 
screwing which occurs after the end of the synchronous driv- 
ing and screwing. Original shapes of the magnets give a 
screwing torque value almost two times higher than the un- 
screwing one, and therefore solve the problem. 

'W. Baran and M. Knorr, "Synchronous Couplings with SmCo5 Mag- 
nets," Second International Workshop on Rare Earth-Cobalt Permanent 
Magnets and their Applications, paper No. II-7. 
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4C. Sabonnadiere, La CAO en Electrotechnique (Dunod, France). 
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A comparative analysis of permanent magnet-type bearingless synchronous 
motors for fully magnetically levitated rotors 
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Radial instability of synchronous motors is important data to design magnetic bearings. Moreover, 
original motor structures must be proposed to decrease the instability. In this article, four structures 
with a permanent magnet rotor, six poles, and the same main mechanical dimensions are analyzed 
and compared. The first concerns a rotor with six tiles of permanent magnets radially magnetized 
and adhered to an iron core. The second is a rotor with six axial permanent magnets tangentially 
magnetized and separated by iron pole pieces, where the shaft is amagnetic. The third design 
proposes a rotor with six contiguous tiles of permanent magnets tangentially magnetized and an 
amagnetic shaft. In the fourth structure each north pole is made up of two contiguous tiles of 
permanent magnets tangentially magnetized in opposite direction and each south pole is made up of 
an iron pole piece. The shaft of this structure is amagnetic. The stator structure and the currents in 
stator windings produce a six poles flux distribution. A finite element method program is employed 
to study the forces and the torques. The four structures are designed to provide the same motor 
performance (torque). The radial instability is modeled by outcentering the rotor. The relationships 
between the radial force and the type of structure are analyzed. The result is that the third structure 
is the best solution for fully magnetically levitated rotors. It has a small instability and does not 
generate any disturbing force whose frequency is the double of the rotation frequency. This structure 
also has good properties to be used as a radial magnetic bearing. © 1998 American Institute of 
Physics. [S0021-8979(98)17111-6] 

I. INTRODUCTION 

Some studies, " showed an interest in bearingless mo- 
tors. Most of them consider asynchronous machines that ful- 
fill the double function of a motor and a radial bearing. If 
there are losses in the rotor, the corresponding calories are 
hardly evacuated from this body that rotates contactless in 
vacuum. Furthermore some studies4 have shown an interest 
in the synchronous motor compared to an asynchronous mo- 
tor in term of stability. These are two good reasons to justify 
the use of permanent magnet synchronous machines. Section 
III of the article studies and compares four structures of ro- 
tors for permanent magnet synchronous machines from a de- 
stabilization point of view. Section IV shows that a perma- 
nent magnet synchronous machine with three pairs of poles 
is able to assume the function of a radial bearing. Each phase 
is constituted by three windings. These windings are not se- 
rial or parallel connected, as usually done, but they have 
separate feedings. The radial forces are obtained via the un- 
balance of the currents in the windings of a same phase. 

A. Choice of the structure of the stator 

The structure of the stator is the same for the four dif- 
ferent machines. We made the choice of a slotless armature 
to minimize the influence of the stator parameters in this 
study. The main dimensions of the stator are: 

(i) armature diameter: 128 mm, 
(ii) coil thickness: 3 mm, 
(iii) mechanic air gap: 2 mm. 
The maximum current density in each coil is 6 A/mm2. 

This value corresponds to a suitable temperature rise in the 
motor under normal conditions of work. The stator structure 
is described in Fig. 1. 

B. Description of the structures of the rotor 

Four structures of permanent magnet rotors are consid- 
ered. They have been designed to deliver the same torque 
when two phases are fed by the same current. Neodymium 
iron boron magnets with a remanence of 1 T are used in 
these structures. 

II. STRUCTURES PRESENTATION 

The aim of this work is to study the influence of the rotor 
structure of a permanent magnet motor without bearings on 
the instability and on the radial forces obtained when the 
windings are unbalanced. Four different structures of six 
pole three phase motors are presented and evaluated. 

"'Electronic mail: lemb@univ-brest.fr 
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FIG. 1. Stator structure. 
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FIG. 2. Rotor structures. 

The structures are described in Fig. 2. The first design is 
a classical design of a PM motor. The magnets are oriented 
radially and stuck in a cylindrical iron core. In the second 
structure iron pole pieces sandwich PM segments tangen- 
tially magnetized. In the third structure, six opposite tangen- 
tial permanent magnets are assembled in an ironless rotor. In 
the fourth structure the south poles are made up of iron pole 
pieces and the north poles of two opposite tangential perma- 
nent magnets. 

These structures are studied using a two-dimensional 
(2D) finite element field calculation code. All the simulation 
results are given for 1 m long structures. 

Figure 3 shows the torque calculated for each motor ver- 
sus the rotor position when two phases (phases 1 and 3) are 
fed by the same current. The origin for the rotor position is 
the position of maximum torque. We can see that the torques 
developed by these machines are quite similar. Nevertheless 
the magnet volume is more important in structures 3 and 4 
because the magnetic airgap is very large in these types of 
structures. 

III. STUDY OF RADIAL INSTABILITY 

A criterion of choice for a motor is not necessarily the 
performance with regard to the weight, but the fact that it 
does not destabilize the whole rotating device. When the 
device is levitated, the stiffness of the bearings has to be 
higher than the antistiffness of the motor. The presented 
structures have to be characterized from this point of view. 

To study the radial instability of the motors we have 
simulated the behavior of the structures when the rotor is 
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FIG. 3. Torque vs angular position of the rotor. 

FIG. 4. Forces amplitude versus angular position of the outcentred rotor 
(outcentering value is 0.8 mm). 

outcentered at 0.8 mm. The outcentering is generally due to 
the unbalance of the rotor. Figure 4 shows the amplitude of 
the radial forces exercised on the outcentered rotor versus the 
rotor position for each machine when two phases fed by the 
same dc current. This radial force is always oriented in the 
direction of the radial displacement of the rotor. The maxi- 
mal values of these forces are quite comparable to the values 
of the tangential forces which contribute to create the torque. 

For the third structure, the value of the force created on 
the outcentered rotor does not vary with the angular position 
of the rotor. In this structure this radial force is only pro- 
duced by the influence of the magnets on the iron of the 
stator. 

In structures 1, 2, and 3 the force amplitude varies with 
the angular position of the rotor. This variation is due to the 
influence of the windings on the rotor iron. The first two 
structures present a large variation of the radial forces with 
the angular position of the rotor. For the fourth structure this 
variation is less important. 

We also note that the values of the forces are more im- 
portant in the case of structures 1, 2, and 4 than in the case of 
the third structure. 

The radial displacement of the rotor is created by its 
unbalance and the unbalance has the same angular speed as 
the rotor. Let us call N the point of the rotor that is the 
nearest from the stator at every moment. This point is mov- 
ing with an angular speed wn. Let cor be the angular velocity 
of the rotor. When the radial displacement of a magnetically 
levitated machine corresponds to a direct mode, the move- 
ment of the iV point is in the same direction as the rotor 
movement. Thus the angular velocity of the N point with 
regard to the stator is zero. Point N is always the same point. 
If this point varies, this will induce movements with a very 
low frequency: the motor antistiffness is either constant or 
very slowly variable, which is not a problem dynamically.5 

On the contrary, when the radial displacement of the ma- 
chine corresponds to a retrograde mode, the movement of the 
N point is in the opposite direction as the rotor one. It's 
movement with regard to the stator has an angular velocity 
of co„=-2o)r. As the radial force depends on the rotor po- 
sition, this implies that the force is modulated with a fre- 
quency 2/r. As a consequence, this generates an excitation 
at the frequency 2/r, which is a source of the instability of 
the machines. This explains the presence of second harmon- 
ics in the machine's movements and the obligation to damp 
movements which have this frequency. The more dependent 



J. Appl. Phys., Vol. 83, No. 11,1 June 1998 J. F. Charpentier and G. Lemarquand       7123 

FIG. 5. Forces amplitude vs angular position of the rotor with unbalanced 
currents. 

on the rotor position the radial force is, the more important 
the movement at the 2/r frequency is, and the more unstable 
the machine is. For this reason, structures 1 and 2 are not 
interesting at all. Structure 4 is acceptable, as the force is 
modulated slightly by the rotor position. Although not opti- 
mum with regard to the volume of magnet, the third structure 
is dynamically the most interesting because its radial force is 
independent from the rotor position. Its radial antistiffness 
(ratio of the radial force over the radial displacement of the 
rotor) is also the smallest of the four structures and therefore 
the easier to compensate by the bearings. 

IV. STUDY OF RADIAL FORCES OBTAINED WITH 
UNBALANCED CURRENTS 

The rotor is now centered and the currents in the stator 
are unbalanced to create radial forces. The idea is now to 
study whether the structures can be also used as magnetic 
bearings. In Figs. 5 and 6 the force amplitude and orientation 
are presented versus the rotor position when two phases are 
fed and unbalanced. One of the three coils of each active 
phases (1 and 3) is crossed by a 12 A/mm2 current density 

I   degree» 
Orientation structure 1 
Orientation structure 2 
Orientation structure 3 
Orientation structure 4 

FIG. 6. Forces orientation vs the angular position of the rotor with unbal- 
anced currents. 

and the two other coils of these phases by a 3 A/mm2 current 
density. Figure 5 shows that structures 1 and 2 create radial 
forces with a high mean value, but with an important modu- 
lation with the rotor position. Furthermore, Fig. 6 shows that 
the direction of the forces also depends on the rotor position. 
For the fourth structure, the radial force is very important 
when the coils are facing the iron of the rotor, and less im- 
portant when facing the magnets. The modulation is still im- 
portant. Finally, the third structure creates a force of almost 
constant amplitude without regard to the angular position of 
the rotor. The direction of the force varies linearly with the 
angular position of the rotor. The force is oriented in the 
direction of the axis of the coil which has the maximum 
current (50° or 230°) when a pole is facing this axis, and 
oriented perpendicular to this axis (-40° or 140°) when a 
pole is facing the current. This means that this configuration 
is suitable for use as a radial bearing. 

V. CONCLUSION 
Among the four proposed and studied structures that 

generate the same torque, some of them are optimized with 
regard to the volume of magnet that is used to create this 
torque. But other differences appear when they are studied 
from two other points of view: that of radial instability and 
that of the bearing function. Indeed, the destabilizing effect 
of the motor is an important thing for levitated devices, as 
the motor should destabilize the rotating system as less as 
possible. Furthermore, it is interesting to have an actuator 
that could also fulfill the function of a bearing. It then ap- 
pears from our study that the third presented structure (al- 
though difficult to realize with tangential magnetized mag- 
nets, and not optimum with regard to the volume of the 
magnets) is dynamically the most interesting one. Indeed, it 
has very good characteristics, when considering its radial 
instability, especially with regard to the creation of a disturb- 
ing force at a frequency that is double the rotation frequency. 
This structure is also easy to control as a radial magnetic 
bearing. 

'R. Bosch, "Development of a bearingless electrical motor," Proceedings 
of ICEM'88, edited by G. Schweitzer (vdl Hochschulvertrag AG an der 
ETH, Zurich, 1988), pp. 331-335. 
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International Symposium on Magnetics Bearings, edited by G. Schweitzer 
(vdl Hochschul vertrag AG an der ETH, Zurich, 1994). 

4M. Oshima, A. Chiba, T. Fukao, and A. Rahman, IEEE Trans. Ind. Elec- 
tron. 43, 292 (1996). 

5M. Fumagalli, B. Feeny, and G. Schweitzer, "Dynamics of rigid rotors in 
retainer bearings," 3rd International Symposium on Magnetics Bearings, 
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Spin reorientation in (Pr,RE)-(Co,TM)-B magnets (RE=Tb,TM=Fe,Cr,Mn) 
D. H. Kim and G. Hadjipanayis 
Department of Physics and Astronomy, University of Delaware, Newark, Delaware 19716-2570 

Small substitutions of Pr with Tb and Co with Fe, Cr, Mn were used to increase the spin 
reorientation temperature of the Pr2Co14B compound which is around 395 °C. Spin reorientation 
temperatures were obtained by measuring magnetization vs temperature curves at temperatures up 
to 750 °C. Several ribbons with high spin reorientation temperature were fabricated by 
melt-spinning and they were annealed in the temperature at 600-700 °C to obtain the optimum 
coercivity. Our results show that spin reorientation temperature is sharply increased with Fe 
substitution and reaches a maximum (575 °C) in the sample with 25% Fe substituted for Co. Small 
amounts of Tb, Cr, and Mn are effective in increasing the spin reorientation temperature. The 
optimum coercivities of ribbons are in the range of 7-10.5 kOe and ribbons with high spin 
reorientation temperature show an improved temperature dependence of coercivity. © 1998 
American Institute of Physics. [S0021 -8979(98)36311 -2] 

I. INTRODUCTION 

Nd2Co14B and Pr2Co14B magnet alloys exhibit high Cu- 
rie temperatures, which make them the possibility for high 
temperature application.1"3 Among them, the anisotropy field 
of Nd2Co14B is significantly lower and makes this Co- 
substituted alloy a poor candidate to become permanent 
magnet. In the case of Pr2Co14B, an opposite behavior is 
observed with the anisotropy field of Pr2Co14B being much 
higher than that of Pr2Fe14B. Several studies have reported 
that high coercivities with value up to 25 kOe in sintered 
magnets4 and melt-spun Pr2Co14B ribbons could be 
obtained.5'6 However, the Pr2Co14B magnet has a spin reori- 
entation temperature at around 395 °C7 where its anisotropy 
is changed from uniaxial to planar, this puts an upper tem- 
perature limit on the application of these magnets. 

In this study we tried to prepare Pr(Tb)-Co(Fe,Cr,Mn)- 
B-based magnets with higher spin reorientation temperature. 
As is well known, no spin reorientation is observed in 
Pr2Fe14B and the spin reorientation temperature of Tb2Co14B 
is much higher than that of Pr2Co14B. 

II. EXPERIMENT 

All the alloys with (Pr,RE)13(Co,TM)80B7 (RE=Tb, 
TM=Fe, Cr, Mn) were prepared by arc-melting, followed by 
homogenization at 1000 °C for 24 h under Ar atmosphere. 
Spin reorientation temperature was obtained by measuring 
magnetization vs temperature curves at temperatures up to 
750 °C. Several ribbons with high spin reorientation tem- 
perature were fabricated by melt-spinning at a wheel speed 
of 50 m/s. The as-spun ribbons were confirmed to be almost 
amorphous within the resolution of x-ray diffraction experi- 
ment. The ribbons were studied using differential scanning 
calorimetry (DSC) for the identification of possible phase 
transformation. The coercivity of samples was optimized 
through annealing at the temperature range of 600-700 °C 
for 2.5-40 min. Magnetic properties were measured by a 
vibrating sample magnetometer (VSM) with a maximum 
field of 20 kOe and the temperature dependence of coercivity 
was measured up to 450 °C. 

III. RESULTS AND DISCUSSION 

The temperature dependence of magnetization curves for 
Pr13(Co!-jFeJgoBy (x = 0.1, 0.25, 0.6) alloys are shown in 
Fig. 1. The curves were measured in a low applied magnetic 
field of 200 Oe to show clearly the effects of magnetic tran- 
sitions. As one can see, the magnetization increases as the 
temperature increases due to the decline of magnetocrystal- 
line anisotropy field with temperature, and all curves exhibit 
an unusual curvature at the temperature where its anisotropy 
is changed from uniaxial to planar. The spin reorientation 
temperature is determined from the inflection point of this 
curve. Using the same method, the spin reorientation tem- 
peratures for Pr13(Coi_J.Fe^)8oB7 (0^x^0.6) were obtained 
as shown in Fig. 2. It is found that spin reorientation tem- 
perature is sharply increased with Fe substitution because 
there is no spin reorientation in the Pr2Fe14B, and reaches a 
maximum (575 °C) in the sample with 25% Fe substitution 
for Co. But for higher Fe substitution, the spin reorientation 
temperature is dropped down to around 300 °C. In the 
Pr2(Fe,Co)14B system, the magnetocrystalline anisotropy is 
strongly dependent on the Fe content and shows a minimum 
at the composition with 25% Fe content.3 Therefore, at this 
composition, a confusion of magnetocrystalline anisotropy 
may be existed and cause a drop of the spin reorientation 
temperature, which originates from the competition between 
the 3d and 4/ sublattice anisotropy.3 On the other hand, the 
Curie temperature of the sample is continuously decreased as 
the Fe content increases. 

Figure 3 shows the temperature dependence of magneti- 
zation curves for Pr13(Co04Fe06)79M1B7 (M=Cr, Mn). 
The results indicate that samples with a small amount 
of Cr and Mn do not show spin reorientation phenomena up 
to the Curie temperature. In the case of 
(Pr,_/rbz)13 (Co04Fe06)80B7 (z = 0.2,0.5), as shown in Fig. 
4, Tb substitution is effective in increasing both the spin 
reorientation temperature, with 1 °C/1% Tb ratio, and the 
Curie temperature. 

X-ray diffraction showed that all the as-spun ribbons 
were almost amorphous in structure. Calorimetric DSC stud- 
ies showed that all the samples have an exothermic peak at 
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FIG.     1.     Temperature     dependence     of    magnetization     for     (a) 
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around 550 °C where the amorphous phase transforms into 
the 2:14:1 phase. 

Figure 5 shows the coercivity change as a function of 
aging time at 600-700 °C for Pri3(Co0 5Fe0 5)80B7 ribbons. 
To develop a high coercivity, an annealing temperature over 
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600 °C is required and the optimum coercivity is 10.5 kOe 
after annealing at 650 °C for 2.5 min. The other samples 
show a similar trend and optimum coercivities are in the 
range of 7-10.5 kOe as listed in Table I. The lowest coer- 
civity is obtained in the sample with 25% Fe substitution 
where the maximum spin reorientation temperature was ob- 
tained. This is because the magnetocrystalline anisotropy is a 
minimum at the composition with maximum spin reorienta- 
tion temperature. In the Cr and Mn cases, the substitutions 
were not effective to improve the coercivity. 

Figure 6 shows the temperature dependence of coerciv- 
ity for Pr13(Co1_xFex)80B7 (x = 0.2, 0.25, and 0.5) ribbons 
having different spin reorientation temperature. Samples 
with x = 0.2 and 0.25 which have higher spin reorientation 
temperature (480 and 575 °C, respectively) show a low co- 
ercivity at room temperature because of their lower magne- 
tocrystalline anisotropy field. However, as the temperature 
increases the decline of coercivity is smaller than the other 
sample with x = 0.5 which has a lower spin reorientation 
temperature (395 °C). In order to be shown this tendency 
more clearly, the ratio of coercivity decrease (Hc/Hc at 
room temperature) as a function of temperature is shown in 
Fig. 6(b). 

TABLE I. Optimum coercivities in PrI3(Co,TM)80B7 ribbons. 

Sample T    (°C)     Hc (kOe)      Annealing condition 

Pr13(Co08Fe02)8oB7 480 7.0 650 °C, 5 min 
Pr13(Co0 75Fe0 25)8oB7 575 7.4 650 °C, 5 min 
Pri3(Co0.5Fe0.5)80B7 395 10.5 650 °C, 2.5 min 
Pri3(Co0.4Feo.6)79CriB7 - 9.1 650 °C, 5 min 
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FIG. 6.  Temperature dependence of coercivity for Pri3(Co1_^FeA.)80B7 

(JC = 0.2, 0.25, and 0.5) having different spin reorientation temperature. 

IV. CONCLUSIONS 

High spin reorientation temperatures of 575 °C have 
been obtained in Pr13(Co075Feo.25)8oB7 with relatively small 
decline of Curie temperature. Samples with a small amount 
of Cr and Mn do not show spin reorientation phenomena up 
to their Curie temperature, which is found to decrease with 
substitution. Tb substitution is effective in increasing both 
the spin reorientation temperature, with 1 °C/1% Tb ratio, 
and the Curie temperature. Samples with higher spin reori- 
entation temperature show an improved temperature depen- 
dence of coercivity. 
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Magnetization processes in hybrid magnets 
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Injection-molded, oriented hybrid magnets consisting of mixtures of BaO-6Fe203 and MQP-Q 
(exchange-coupled Nd2Fe14B + a;-Fe) are compared to bonded magnets made only from ferrite or 
MQP-Q. The magnetic fractions of the hybrid magnets consist of 80, 60, or 40 wt % ferrite blended 
with 20, 40, or 60 wt % MQP-Q. The microstructure was investigated by x-ray diffraction, scanning 
electron microscopy, atomic force microscopy, and magnetic force microscopy. Atomic and 
magnetic force microscopy images indicated differences between the physical and magnetic 
microstructures. Magnetic interactions were studied via isothermal remanence (IRM) and 
dc-demagnetization (DCD) remanence curves and Henkel plots. In contrast to what is observed in 
exchange spring magnets, the IRM and DCD susceptibilities of all magnets present peaks of nearly 
the same width, centered at roughly the same value of the magnetic field, consistent with weak 
dipolar interactions between magnetic particles. The IRM susceptibilities show structure associated 
with magnetic inhomogenieties in the samples. © 1998 American Institute of Physics. 
[S0021-8979(98) 17211-0] 

Bonded magnets constitute the fastest growing segment 
of the permanent magnet market.1'2 These materials are pro- 
duced by encapsulating a magnetic powder in a resin or 
polymer and then compacting or molding the material to the 
final part shape. The commercially important bonded mag- 
nets are based primarily upon ferrite or NdFeB. However, 
low-neodymium, exchange-coupled alloys are also interest- 
ing for bonded magnets because of their good corrosion re- 
sistance and low saturation fields. The Magnequench alloy 
MQP-Q (Nd2Fe14B + a-Fe) has recently been used with 
barium ferrite to produce hybrid magnets with interesting 
coercive properties.2 For a bonded magnet whose magnetic 
fraction consists of 20 wt % MQP-Q and 80 wt % ferrite, the 
reversible temperature coefficient of coercivity is approxi- 
mately zero around and above room temperature. Further- 
more, at 100 °C, the coercive field Hc of the hybrid is larger 
than that of either the bonded ferrite or the bonded MQP-Q. 
Enhanced hysteresis characteristics due to anisotropic dipole 
interactions have been observed3 in composite mixtures 
Sm2Co17/Sm2Fe17N3 and Sm2Co17/Fe. 

In this article, we investigate magnetic interactions in 
several hybrid magnets and present data on their magnetic 
and structural properties. The bonded magnets present an 
ideal opportunity to study systems in which dipole interac- 
tions should be the predominant form of interaction between 
particles. 

Five commercial bonded magnet compositions were 
considered in this work. Three anisotropic hybrid magnets, 
produced by injection molding, had magnetic fractions con- 
sisting of 80, 60, or 40 wt % Ba ferrite blended with 20, 40, 
or 60 wt % of MQP-Q melt-spun ribbons and a binder of 

"Electronic mail: fmissell@macbeth.if.usp.br 

Nylon 12. These have been designated as samples 2401, 
2402, and 2403, respectively. An anisotropic magnet consist- 
ing only of Ba ferrite is designated as 1060, while an isotro- 
pic magnet whose magnetic fraction is MQP-Q is identified 
as 2203. For the latter two magnets, poly amide was used as 
a binder. The saturating field requirements as well as the 
temperature dependence of the coercivity for these magnets 
have been published previously.2 For all magnets, we were 
able to reproduce the catalog density by assuming the vol- 
ume fraction of the magnetic material to be 60%. 

The alignment of these magnets was characterized with a 
Philips MDP 1880 powder diffractometer using Cu Ka ra- 
diation. The microstructure was examined with an optical 
microscope as well as with a Leica Cambridge F440 scan- 
ning electron microscope (SEM). Magnetization M measure- 
ments between 4.2 and 300 K were made with a vibrating 
sample magnetometer mounted in a 9 T superconducting 
coil, while measurements above 300 K were made in a fur- 
nace mounted on a 2 T electromagnet. In all cases, M versus 
H was corrected using an appropriate demagnetization fac- 
tor. 

Images were also obtained using a Digital Instruments 
D3000 scanning probe microscope. The device allows simul- 
taneous collection of topography data, by Tapping Mode™ 
atomic force microscopy (AFM), and magnetic stray field 
data, by LiftMode™ magnetic force microscopy (MFM).4 

The topographical information from each raster line is used 
to maintain a constant height above the sample surface dur- 
ing collection of the magnetic information to minimize the 
effect which topological features have on the stray field dis- 
tribution. In the topological images, light areas are higher 
than the average and dark areas are lower than the average. 

0021 -8979/98/83(11 )/7127/3/$15.00 7127 © 1998 American Institute of Physics 
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FIG. 1. SEM image of sample 2401 showing inhomogeneous distribution of 
MQP-Q ribbons. 

In the magnetic images, light areas correspond to tip-sample 
interactions producing a negative force gradient, while posi- 
tive gradients correspond to dark areas.4 

In the hybrid magnets, the Ba ferrite grains present a 
high degree of alignment as can be verified by x-ray diffrac- 
tograms in which the (00k) peaks of this phase are promi- 
nent. Optical metallography and SEM observations show the 
ribbons of MQP-Q to be randomly dispersed in the ferrite - 
Nylon 12 matrix. In Fig. 1, a low magnification SEM image 
of sample 2401 is presented where the random orientation of 
the MQP-Q ribbons can be seen. A useful way to quantify 
the degree of alignment of these samples is in terms of the 
ratio MrIMs, where Mr is the measured remanence and Ms 

is the saturation magnetization, obtained by extrapolating 
high-field M values to infinite fields using M = MS{\ 
-alH). Values of MrIMs are presented in Table I. This 
ratio is seen to decrease as the ferrite fraction of the magnet 
decreases. Values of MrIMs = 0.8-0.9 are commonly en- 
countered in aligned sintered magnets, while Mr/Ms = 0.5 is 
the value expected for noninteracting single-domain par- 
ticles. 

A group of Ba ferrite grains in an unmagnetized sample 
of 2401 can be clearly seen in Fig. 2(a), which was obtained 
by AFM. Note the presence of a large ferrite grain in the 
center of the figure. The magnetic stray fields for the same 
region of the sample, obtained by MFM, are shown in Fig. 
2(b). The magnetic stray fields associated with the large fer- 
rite grain in the center of the figure are very nonuniform over 
the grain, indicating the presence of two domains in this 
grain. Furthermore, the stray fields of several small neigh- 
boring grains have the same orientation as one of the do- 

TABLE I. Magnetic characteristics of the bonded magnets. 

Sample MrIMs #;(kOe) //r(kOe) A;(kOe) Ar(kOe) 

1060 0.91 3.8 3.9 2.5 2.4 
2401 0.75 4.2 4.2 4.0 2.7 
2402 0.68 4.9 4.8 4.0 2.9 
2403 0.59 4.7 4.3 4.3 3.4 
2203 0.54 5.9 5.1 4.1 3.4 

0 
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5 um 

FIG. 2. (a) AFM image of the 5 /xmX5 fim region of Ba ferrite in sample 
2401. (b) MFM image of the same 5 /urnX5 fim region showing stray mag- 
netic fields present in the sample. Note that the magnetic domain structure 
does not coincide with the grain structure. 

mains in the large central grain. In general, we can see that 
the stray field distribution does not coincide with the grain 
structure of the sample. It is known that magnetic interac- 
tions between neighboring grains can lead to collective phe- 
nomena, known as interaction domains. The details of inter- 
grain interactions will depend upon exchange, anisotropy, 
magnetic moment, grain size, and grain misorientation, all of 
which will affect the stray fields. Interaction domains have 
been observed in many kinds of magnets, including 
exchange-coupled nanostructured rare-earth magnets.5 In the 
present case, the existence of interaction domains is evidence 
for locally inhomogeneous magnetization states in the hybrid 
magnets. 

A magnetic evaluation of magnetostatic interactions was 
made using the so-called IRM and DCD remanence curves 
and Henkel plots. The isothermal remanence (IRM) curve 
Mr(H) started from an ac-demagnetized state, with the rem- 
anent magnetization being measured as a function of increas- 
ing positive applied field until positive saturation was ob- 
tained. The dc-demagnetization (DCD) curve Md(H) was 
measured from a positive saturation condition, with the re- 
manence measured as a function of increasing negative field, 
until negative saturation was reached. For any system of 
single-domain noninteracting particles, Wohlfarth showed 
that Md(H) = Mr(K)-2Mr(H). 

In Fig. 3, we show the IRM and DCD susceptibilities, 
Xr=dMrldH and Xd=dMdldH, for the five magnets stud- 
ied. For noninteracting systems, the two curves should be of 
the same width, should have maxima at the same values of 
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FIG. 3. IRM and DCD susceptibilities of the bonded magnets studied. For 
magnet 2401, the two IRM curves are for different samples and show dif- 
ferent structure. 

FIG. 4. Henkel plots for all samples, in which the reduced DCD remanence 
is given as a function of the reduced IRM remanence. 

the magnetic field, and the amplitudes should differ by a 
factor of 2, as can be seen by differentiating the Wohlfarth 
relation. Values of the widths and centers of the IRM 
(A; ,H'r) and DCD (Ar ,Hr) curves are given in Table I. It is 
most remarkable that these predictions are roughly obeyed 
for the five magnets studied, even though four of them con- 
tain varying amounts of exchange-coupled MQP-Q. A recent 
study6 of several exchange-coupled NdFeB alloys showed 
that the amplitude of Xd was UP to 50 times greater than that 
of Xr > while the width of the former was about ten times less 
than the latter. On the other hand, CoNiCr thin films7 ap- 
proached the ideal behavior for large values of the Cr under- 
layer thickness, consistent with a reduction in exchange cou- 
pling between grains with increasing Cr underlayer. 

In Fig. 3, two Xr curves are shown for magnet 2401, 
corresponding to different samples. Each curve presents 
some structure, not unlike, but smaller than that reported in 
Ref. 6. However, the structure observed on the two curves 
corresponding to sample 2401 in Fig. 3 is different from 
curve to curve. Since our samples clearly present inhomoge- 
neities (see Fig. 1) in the distribution and orientation of the 
MQP-Q ribbons, we believe this to be the probable cause of 
the structure observed in xr ■ 

Finally, in Fig. 4 we present Henkel plots [md 

=Md(//)/Mr(oo) versus mr=Mr(H)/Mr(<x>)] for the five 
magnets studied in this paper. The diagonal line corresponds 
to the Wohlfarth line mentioned above. Points above this line 
correspond to magnetizing interactions, while points below 
this line are indicative of demagnetizing interactions. In Fig. 
4 there is a clear progression in the behavior of the data as 
the fraction of MQP-Q is increased (fraction of ferrite is 
decreased). Sample 1060 shows strong magnetizing interac- 
tions at low fields. Data for sample 2401 present an s-shaped 
behavior, which has been seen frequently in exchange- 
coupled magnets.8 This s-shaped curve has been discussed 
via the Preisach model in terms of a competition between 

mean-field effects and random interactions. Finally, for 
sample 2203, whose magnetic fraction is only MQP-Q, all 
points are in the demagnetizing region of the Henkel plot. 

Henkel plots can be discussed in terms of the Preisach 
model,9 where one can invoke random interactions and mag- 
netizing or demagnetizing mean-field interactions to explain 
behavior such as that seen in Fig. 4. Here, we will limit our 
comments to a comparison with comparable fully dense 
magnets. For example, the Henkel plot of a fully dense Ba 
ferrite magnet shows' much stronger magnetizing interac- 
tions, with nearly all of the data points lying above the 
Wohlfarth line. For the bonded magnet (1060) shown here, 
the magnetizing mean-field contributions seem to have been 
reduced considerably. Similarly, exchange-coupled magnets 
show an s-shaped Henkel plot, which has been discussed 
using the Preisach model in terms of a competition between 
mean-field effects and random interactions.8 In the present 
case, sample 2203 appears to have greatly reduced or nega- 
tive mean-field interactions. Thus, the effect of the binder 
may be to reduce the mean-field effects in these bonded mag- 
nets. 
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Mechanical strength of the solid-HDDR treated Nd-Fe-B-type materials 
H. W. Kwona) and S. J. Kang 
Department of Materials Science and Engineering, The Pukyong National University, Nam-Gu, Pusan, 
South Korea 608-737 

The hydrogenation, disproportionation, desorption, recombination (HDDR) is known as a unique 
process through which a noncoercive cast Nd-Fe-B-type material can be easily converted into a 
coercive one. Although the conventional HDDR process generally leads to a powderlike material, a 
solid-HDDR material can be realized if the HDDR process is properly modified (solid-HDDR). In 
the present study, the change of mechanical strength (compressive strength) of the Nd-Fe-B-type 
material during the solid-HDDR has been investigated using a sintered magnet with composition 
Nd13 8Dy07Fe7g25Sio.i5Mn06B65. It has been found that the low strength of the hydrided material 
was improved by the subsequent disproportionation. The restoration of the strength was explained 
by the eutectoidlike disproportionation structure containing fine neodymium hydride rod embedded 
in tough iron matrix. The high strength of disproportionated material was reduced radically in an 
earlier stage of recombination, and this was explained by the reduction of the disproportionated 
phase. The reduced strength was, however, recovered by further recombination, and this was 
explained by the fact that as the recombination continues the recombined grains become continuous 
and adhere together. The optimally HDDR processed material has a comparable or even higher 
strength with respect to the initial sintered material prior to the solid-HDDR. The present study 
suggested that the mechanical strength of Nd-Fe-B-type material could be retained even after the 
solid-HDDR.   © 1998 American Institute of Physics. [S0021-8979(98) 17311-5] 

I. INTRODUCTION 

The hydrogenation, disproportionation, desorption, re- 
combination (HDDR) is known as a unique process through 
which a noncoercive cast Nd-Fe-B-type material can be 
easily converted into a coercive one, and the HDDR process 
generally leads to a powderlike material.1"4 It has been re- 
ported, however, that material in a solid form can be ob- 
tained by the HDDR process if it is properly modified (solid- 
HDDR).5'6 Noncoercive Nd-Fe-B-type cast ingot material 
can, therefore, be converted into a magnet with high coerciv- 
ity in solid form using the solid-HDDR process, and a suc- 
cessful attempt has been reported by another group.5 In order 
that the solid-HDDR treated material can be utilized as a 
magnet, the material has to exhibit not only a high coercivity 
but also a sufficient mechanical strength. It is, therefore, of 
great interest to well understand the change of mechanical 
strength of the Nd-Fe-B-type material during the solid- 
HDDR. 

II. EXPERIMENT 

In order to assess correctly the mechanical strength of 
HDDR treated material, it is important to use a composition- 
ally and structurally homogeneous material. Since an ordi- 
nary Nd-Fe-B-type ingot material has a variety of inhomo- 
geneity and structural flaws, the cast ingot material is 
considered to be unsuitable for assessing the change of me- 
chanical strength during the HDDR. In the present study, 
therefore, a sintered magnet rather than a cast ingot material 
was used because the sintered magnet could be considered to 
be more homogeneous in terms of composition and structure. 

"'Electronic mail: hwkwon@dolphin.pknu.ac.kr 

The magnet used was anisotropic with a chemical composi- 
tion of Nd13 8Dy07Fe7g25Si015Mn06B65. A disk-shaped (13 
mm</>, 3 mm thick) sample was subjected to a solid-HDDR 
process. The sample was heated under vacuum up to around 
650 °C, at which hydrogen gas was introduced. After intro- 
ducing the hydrogen gas, the sample was heated rapidly 
(50 °C/min) toward the disproportionation temperature. The 
sample disproportionated for a given period was subse- 
quently subjected to the desorption and recombination treat- 
ment under vacuum. The samples at each step were rapidly 
cooled down to room temperature to stop further process and 
then removed from the HDDR reactor. The compressive 
strength of the materials under various conditions was mea- 
sured using a universal testing machine. The dimensions of 
the specimen used for the measurement of the compressive 
strength were 5X5X3 mm3. Compression was performed 
along the direction parallel to the aligning direction of the 
anisotropic sintered magnet with a strain rate of 2.7 
X10"3/s. 

III. RESULTS AND DISCUSSION 

The hydrogenated sample showed very friable character 
and no appreciable strength was measured. The low strength 
of the hydrided material was enhanced by disproportion- 
ation. Variation of the compressive strength as a function of 
the disproportionation temperature for the samples dispro- 
portionated for 2 h at each temperature was examined and 
the result is shown in Fig. 1. It appears that the compressive 
strength of the sample disproportionated at low temperature 
(650 °C) appears to be very low compared to the initial 
strength (85 kgf/mm2) prior to the HDDR, and it increases 
with increasing the disproportionation temperature up to 
800 °C, above which it levels off. Of particular interest is 

0021-8979/98/83(11 )/7130/3/$15.00 7130 © 1998 American Institute of Physics 
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FIG. 1. Variation of the compressive strength as a function of dispropor- 
tionation temperature for the hydrogenated magnet. 
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FIG. 3. Variation of the compressive strength as a function of recombination 
temperature for the fully disproportionated material. 

that the compressive strength of the fully disproportionated 
material has been found, unexpectedly, to be higher than that 
of the initial sintered magnet before HDDR. The low 
strength of the sample disproportionated at the lower tem- 
peratures may be explained by the presence of a significant 
amount of brittle hydride phase which has not been dispro- 
portionated. As the disproportionation temperature increases, 
more disproportionation reaction may proceed for the given 
period and the remaining hydride may be lessened. It has 
been reported6'7 that the disproportionation of the 
Nd2Fe14BHx and the NdFe4B4HA. phases leads to a particular 
eutectoidlike microstructure consisting of fine neodymium 
hydride rods embedded in a tough iron matrix. The dispro- 
portionated phases are, therefore, expected to have a consid- 
erable mechanical strength because of the particular structure 
containing plenty of tough iron. The gradual increase in the 
compressive strength with increasing the temperature may, 
thus, probably be explained by the gradual increase in the 
amount of disproportionated phases. 

Variation of the compressive strength as a function of 
disproportionation time for the samples at fixed temperature 
was examined and the results are shown in Fig. 2. It is ap- 
parent that the compressive strength at each temperature in- 

creases as the disproportionation time increases and then lev- 
els off. For the sample disproportionated at low temperature, 
the strength has not reached the peak value within the period 
used in the present study and still increases. The gradual 
increase in the compressive strength is due, needless to say, 
to the increase in the amount of the disproportionated phase 
as the time goes on. 

It should be interesting to know whether the high com- 
pressive strength observed from the fully disproportionated 
sample can be maintained when it is subjected to a subse- 
quent recombination. The fully disproportionated sample 
(disproportionated at 800 °C for 2 h) was subjected to re- 
combination under vacuum at various temperatures for 1 h. 
The variation of the strength as a function of the recombina- 
tion temperature is shown in Fig. 3. It appears that the com- 
pressive strength of the samples recombined at temperatures 
lower than 800 °C still shows relatively high strength over 
70 kgf/mm2. On the other hand, the samples recombined at 
higher temperature above 850 °C have significantly low 
strength around 30 kgf/mm2. The high strength observed in 
the samples recombined at lower temperature may be due to 
the presence of a significant amount of the tough dispropor- 
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FIG. 2. Variations of the compressive strength as a function of dispropor- 
tionation time at various temperatures for the hydrogenated magnet. 
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FIG. 4. Variation of the compressive strength as a function of recombination 
time at 900 °C for the fully disproportionated material. 
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FIG. 5. X-ray diffraction spectrum of the materials recombined at 900 °C 
for different periods. 

tionated phases which have not been recombined. As the 
temperature increases the recombination reaction may pro- 
ceed more rapidly, and a greater amount of the recombined 
grains may be formed. The lower strength of the samples 
recombined at higher temperature may, therefore, be attrib- 
uted to the reduction of the tough disproportionated phases. 
It should be noted that this sample may certainly have a 
significant amount of recombined phase. The recombined 
grains may, however, be distributed discontinuously 
throughout the sample and no significant adhesion between 
the grains may have been achieved. This may possibly ex- 
plain the low strength observed from the samples recom- 
bined at higher temperatures. 

It should be interesting to see whether the low strength 
of the sample recombined at higher temperatures observed in 
the previous result can be enhanced by a further recombina- 
tion. The change of compressive strength with the recombi- 
nation time at 900 °C was examined and the result is shown 
in Fig. 4. It is apparent that the strength increases as the 
recombination time increases, and then levels off after 4 h. 
As discussed earlier, the low strength observed from the 
samples recombined for shorter periods may be attributed to 
the reduction of tough disproportionated phases (see Fig. 5). 
As the time increases the recombination may continue, thus 
resulting in further reduction of the disproportionated phases 
and leading to a greater formation of the recombined 
Nd2Fe14B phase (see Fig. 5). It should be emphasized here 
that the recombined grains may begin to distribute more con- 
tinuously throughout the sample and adhere together. The 
strength of the sample may, therefore, be recovered, and this 
explains the gradual increase in the strength with recombina- 

tion time. The saturation of the strength enhancement ob- 
served from the samples recombined longer than 4 h may be 
due to the completion of the recombination. It is worth not- 
ing that, as can be seen in the Fig. 4, the fully recombined 
sample has a comparable or even higher strength with re- 
spect to the initial sintered material prior to the solid HDDR. 
The present study thus indicates clearly that a properly con- 
trolled solid-HDDR process can lead to a material in a solid 
form with a sufficient mechanical strength. It should be 
noted that the development of magnetic properties with the 
solid-HDDR step has not been studied in the present work. 
Further work is presently under way to investigate the mag- 
netic properties using a cast ingot material. 

IV. CONCLUSIONS 

The compressive strength of the solid-HDDR material 
was measured for the sintered magnet under various HDDR 
conditions, and it has been found that the low strength of the 
hydrided material was improved by the subsequent dispro- 
portionation. The restoration of the strength was explained 
by the eutectoidlike disproportionation structure containing 
fine neodymium hydride rod embedded in tough iron matrix. 
The high strength of disproportionated material was reduced 
radically in an earlier stage of recombination, and this was 
explained by the reduction of the disproportionated phase. 
The reduced strength was, however, recovered by further re- 
combination, and this was explained by the fact that, as the 
recombination continues, the recombined grains become 
continuous and adhere together. The optimally HDDR pro- 
cessed material has a comparable or even higher strength 
with respect to the initial sintered material prior to the solid- 
HDDR. The present study suggested that the mechanical 
strength of Nd-Fe-B-type material could be retained even 
after the solid-HDDR. 
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Thermal expansion of compounds Rn+1Co3l7+5B2n (R=Y and Gd; n=1, 2, 3, 
and oo) 

H. Ido, Y. Suzuki, and T. Suzuki 
Department of Applied Physics, Tohoku Gakuin University, Tagajo 985, Japan 

Thermal expansions of the lattice parameters a and c of the system in the title have been measured 
by x-ray diffraction technique to investigate the nature of magnetic interactions as well as chemical 
bond in these systems. Our data reveals that a spontaneous magnetostriction caused by the Co-Co 
intrasublattice interaction in YCo4B (n=l) occurs in the c plane unlike YCo5 whose 
magnetostriction occurs only along the c axis. It is also found that the positive spontaneous 
magnetostriction of GdCo4B in the c plane can be divided into three contributions due to the 
Co-Co, Co-Gd, and Gd-Gd interactions in the crystal. Thermal expansion coefficients in the c 
plane in the paramagnetic temperature region strongly decrease with increasing n in the Gd system. 
This implies a significant covalent bonding in the R-B layer in the present compounds. These 
results are discussed on the basis of the results of energy band calculation together with the previous 
magnetic data.   © 1998 American Institute of Physics. [S0021-8979(98)36411-7] 

I. INTRODUCTION 

The compound systems expressed by the general for- 
mula R„+1Co3„+5B2„ (R: rare earth; n = 0, 1, 2, 3, and °°) 
are known to have interesting crystallographic regularity as 
shown in Fig. I.1'2 Recently energy band calculations were 
performed3 for YCo4B and YCo3B2 compounds, and the 
magnetic moment of the Co atoms at the different crystallo- 
graphic sites (see Fig. 1) were also evaluated and found to be 
in qualitative agreement with experimental data. These re- 
sults reflect the crystallographic regularity. In this work, 
thermal expansions along the a and c axis were measured by 
x-ray diffraction for the systems in the title to obtain spon- 
taneous magnetostrictions in the ferrimagnetic (R=Gd) or 
ferromagnetic (R=Y) temperature region and thermal ex- 
pansion coefficients in the paramagnetic temperature region. 
The former provides an information about the nature of ex- 
change interactions and the latter the nature of chemical 
bonds in the present compound systems. Experimental data 
are discussed by taking into account the crystallographic 
regularity shown in Fig. 1. 

II. EXPERIMENTAL METHOD AND RESULTS 

To determine the temperature variations of the lattice 
parameters a and c, x-ray (CuKa) diffraction angles of (200) 

O rare earth 

o cobalt 

•  boron 

:=H4 
CeCwB I/pe 

and some (00/) lines for powdered samples were measured 
as function of temperature. The results are shown in Figs. 2 
to 6. 

Curie temperatures determined by magnetization mea- 
surements are also shown by arrows in Figs. 2 to 6. Spin 
reorientation from axial to planar anisotropy with decreasing 
temperature was found only for YCo4B2 at around TSR 

shown in Fig. 3. A small anomaly was found for the a axis 
near TSR, which was also found in the work by Hong et al.4 

From the data shown in Figs. 2 to 6, we obtained the follow- 
ing main results; (1) the spontaneous magnetostriction occurs 
only for the a axis, (2) the spontaneous magnetostriction of 
the Gd system is larger than that of the Y system (see Figs. 2 
and 3), which seems to decrease with increasing n because 
there are no clear anomaly at the Curie temperatures (see 
Fig. 5), and (3) a linear thermal expansion coefficients aa 

(=\ladaldT) and ac{=\lcdcldT) in the paramagnetic 
temperature region showing a clear contrast, namely, aa and 
ac decreases and increases significantly with increasing n, 
respectively, as illustrated in Fig. 7. The above results (1) 
and (2) correlate with the nature of magnetic interactions in 
the present compound systems, and the result (3) shows the 

5.04 

TC=496K      - 

_L _L _L _L _L 
100   200   300   400    500   600   700 

T(K) 

FIG. 1. Crystal structure of R„+1Co3„+5B2„ compound system. The crys- 
tallographic units A and B, and three different Co atoms, Co(0), Co(l), and 
Co(2) are explained and used in the text. 

FIG. 2. Temperature dependence of a axis for GdCo4B. Tc means Curie 
temperature. The solid line is drawn on the basis of the normal thermal 
expansion of nonmagnetic compound YNi4B (Ref. 4). 
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FIG. 3. Temperature dependence of a axis for YCo4B. TSR means spin 
reorientation temperature. The solid line is drawn on the basis of the normal 
thermal expansion of nonmagnetic compound YNi4B (Ref. 4). 

nature of the chemical bond in the present systems having 
the crystallographic regularity shown in Fig. 1. 
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III. DISCUSSION OF EXPERIMENTAL RESULTS 

A. Thermal expansion in the paramagnetic 
temperature region 

It is convenient to discuss first the results (3) mentioned 
above. It is very interesting that aa decreases significantly as 
n (or B content) increases and reaches 0.87X 10~6 deg-1 at 
« = °° (or GdCo3B2). This value is even smaller than the 
linear thermal expansion coefficient of diamond5 (=1.0 
X10"6 deg-1), which implies that a strong covalent bond is 
formed in the R-B layer. The «-dependence of aa can be 
explained by the fact that the number of R-B layer in the 
crystals of R„+iCo3„+5B2„ increase as n increases as seen in 
Fig. 1. It is also noted2 that the a axis of R„+1Co3n+5B2„ 
expands significantly as n changes from n — 0, where there is 
no R-B layer, to n = 1 though the atomic radius of B is 
smaller than that of the Co atom. This fact also may suggest 
the existence of the strong covalent bond in the R-B layer 
mentioned above. 

Before discussing the «-dependence of ac, we will dis- 
cuss the magnetic moments of the Co atoms in 
Rn+iCo3„+5B2„. As seen in Fig. 1, there are three kinds of 
Co atoms expressed by Co(0), Co(l), and Co(2) which oc- 
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FIG. 4. Temperature dependence of c axis for GdCo4B and YCo4B. No 
spontaneous magnetostriction is observed. 

FIG. 5. Temperature dependence of a axis for Gd„ + |Co3„ + 5B2„ with n 
= 2, 3, and 00. 

cupy the different crystallographic sites. Co(N), where N is 
0, 1 or 2, means the Co atom having N-neighboring R-B 
layer(s). If the magnetic moment of Co(N) is expressed by 
fiCo(N) and is assumed to be constant throughout the 
Y„+1Co3n + 5B2„ system, the averaged Co moment /u.Co(") is 
expressed by the following equation for n: 

ßCo(n) = (2fiCo(0) + 6fiCo(l) + 3(n-l)fiCo(2))/ 

(3n + 5). (1) 

YCo3B2 which includes only Co(2) was found to be Pauli 
paramagnetic with a susceptibility of ^= 1.9X 10-6 emu/g, 
therefore yUCo(2) = 0. Our previous experimental data 
fiCo( 1) = 0.632 fiB, and ixCo(2) = 0.465 fiB

6 were measured. 
We obtain /^(O^S yu€o(l) = 2.53 /LLB and 2.56 /nB by put- 
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FIG. 6. Temperature dependence of c axis for Gd„ + 1Co3„+5B2„ with n 
= 2, 3, and 00. 
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FIG. 7. Boron composition dependence of thermal expansion coefficients 
a„ and ar. The data for n = 0 are taken from Ref. 8. 

ting the values of yu.Go(l) anc* Atco(2) mentioned above into 
Eq. (1), respectively. The obtained values of 2.53 and 2.56 
are very close to each other, which means Eq. (1) is a good 
approximation. If yUCo(0) is approximated by the Co moment 
of YCo5, (1.55±0.10)/tB averaged over the five different 
data obtained in the previous work,7 we obtain £iCo(l) 
= 0.33 fiB. The values of yU,Co(0)= 1.55 /xB, /U.Co(l) 
= 0.33 fiB and ^tCo(2) = 0 fiB are qualitatively supported by 
the energy band calculation3 for YCo4B and YCo3B2; 
Atco(0)=1.75/iB> fiCo(l) = 0.55 fiB and /aCo(2) = 0^B. 
To confirm if the above values are valid or not, neutron 
diffraction measurement will be performed. Equation (1) is 
based on the assumption that all crystallographic units A and 
B shown in Fig. 1 have approximately the same electronic 
state, respectively. Therefore all units A and B shown in Fig. 
1 are considered to have the same thermal expansion coeffi- 
cients ac{A) and ac(B) along the c axis, respectively. If 
ac(A) = 15X 10"6 deg-1 and ae(ß) = 28X 10"6 deg"1 are 
assumed, the «-dependence of thermal expansion coefficient 
ac(n) is calculated as shown by the bold solid line in Fig. 7. 
Agreement between the solid line and the observed values is 
good, which supports the assumption of Eq. (1). It is also 
noted that ac and aa for GdCo3B2 shows a clear contrast like 
the case of graphite5 whose linear thermal expansion coeffi- 
cients at room temperature are ae = 25.9XlO~6 deg-1 and 
alc=-1.2XHr6deg_1. 

B. Spontaneous magnetostriction 

It is noted that the spontaneous magnetostriction in Figs. 
2 and 3 occurs only along the a axis (or in the c plane), 
which contrasts with the case of YCo5 whose striction occurs 
only along the c axis.8 For this fact, the R-B layer(s) must 
play an important role, namely the strong covalent bond in 
the R-B layer disconnects the exchange interaction along the 
c axis. This is supported also by the drastic change of Tc 

between YCo5 (rc=980 K)7 and YCo4B (2"c = 380 K). The 
spontaneous magnetostriction of GdCo4B in Fig. 2 comes 
from the inter- and intrasublattice exchange interactions with 
exchange parameters 7od-Co» -^Co-Co > anu ^Gd-Gd > while that 
of YCo4B from intrasublattice interaction /Co-Co only- The 
spontaneous magnetostriction wa( = Aa/a) can be expressed 
by the mean field model,9 
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FIG. 8. Spontaneous magnetostrictions for GdCo4B and YCo4B obtained 
from Figs. 2 and 3. The solid lines are the calculated ones (see the text). 

«« = ACo-Co^Co + ßCo-Gd^Co^Gd+ CGd.GdMGd, (2) 

where MCo and MGd are the sublattice spontaneous magne- 
tizations in the unit of /xB/f.u., where f.u. means RCo4B, 
and ACo_Co, etc., are constants proportional to products of 
(cn + cn)~\ anddJCo_Co/da, <?|./Gd.Co|/ö>a and dJGd.Gd/da, 
respectively, where c,;- is the elastic constant.9 Since tem- 
perature dependences of MCo and MGd of GdCo4B and 
YCo4B have been obtained,6 we can calculate u>a for RCo4B 
(R=Gd and Y) as shown by the solid lines in Fig. 8. In this 
calculation, we take ACo.Co=9.0X 10~5 /nB~2, #Gd.Co 

= 11.0X10"5 AtB"2, and CGd.Gd=-1.2X 10"5 /mB~2. The 
spontaneous magnetostrictions seem to be well expressed by 
Eq. (2). Since the values of MCo and MGd at T=0 K were 
taken to be 2.53 /mB/f.u. and 7.0 /xBlf.u., the main contri- 
bution to the spontaneous magnetostriction is found to be the 
second term in Eq. (2). Since BGi_Co^{cn 

+ Cii)~'l(d\JGi_c<)[lda), the absolute value of 7Gd.Co in- 
creases with the a-axis expansion. The spontaneous magne- 
tostriction of the Gd system with n = 2 and n = 3 are not 
clearly observed, as seen in Fig. 5. This fact can be explained 
by the increase of ctj caused by the strong covalent bond in 
the R-B layer(s). 

1 P. Rogl, in Handbook on the Physics and Chemistry of Rare Earths, edited 
by K. A. Geschneider and L. Eyring (North-Holland, Amsterdam, 1984), 
Vol. 6, p. 335. 

2H. Ogata, H. Ido, and H. Yamauchi, J. Appl. Phys. 73, 591 (1993). 
3 H. Yamada, K. Terao, H. Nakazawa, I. Kitagawa, N. Suzuki, and H. Ido, 
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4N. M. Hong et al. (private communication). 
5 Table of Constants in Physics (in Japanese), edited by Iida (Asakura Sho- 
ten, Tokyo, 1969), p. 124. 

6Y. Suzuki, T. Ito, T. Uchida, O. Nashima, N. M. Hong, and H. Ido, J. 
Appl. Phys. 81, 5141 (1997). 

7 Landolt-Bornstein, New Series III, edited by H. R. Kirchmayr and E. 
Burzo (Springer, Berlin, 1990), p. 269. 

8 A. V. Andreev, in Handbook of Magnetic Materials, edited by K. H. 
Buschows (Elsevier, Amsterdam, 1995), Vol. 8, p. 74. 

9H. Ido, T. Suzuki, and I. Iguchi.J. Magn. Magn. Mater. 31-34, 159 
(1983). 
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Specific-heat studies of RCu4AI8 compounds (R=Er,Y) 
I. H. Hagmusa, F. E. Kayzel, E. Brück, and K. H. J. Buschowa) 

Van der Waals-Zeeman Institute, University of Amsterdam, Valckenierstraat 65, 1018 XE Amsterdam, 
The Netherlands 

Specific-heat measurements have been performed on the tetragonal ThMn12-type compound 
ErCu4Al8 and YCu4Al8 in the temperature range 1.5-200 K. A sharp peak in the specific heat, 
signals the antiferromagnetic transitions at 7^=5.18 K. In order to separate out the effect of the Er 
sublattice we have also performed measurements on the YCu4Al8 compound in the same 
temperature range. From the temperature dependence of the magnetic contribution to the specific 
heat of ErCu4Al8 we obtained the temperature dependence on the magnetic entropy and discuss our 
results in terms of the crystal field level scheme proposed earlier from inelastic neutron scattering. 
© 1998 American Institute of Physics. [S0021-8979(98)53411-l] 

INTRODUCTION 

Ternary-rare-earth compounds of the type RT4A18 crys- 
tallize in the ThMn]2-type crystal structure in which rare- 
earth atoms occupy the 2a position, transition metal (T) the 
8/, and aluminum the 8/ and 8y positions.1'2 They exist for 
several 3d transition elements including T=Cr, Mn, Fe, and 
Cu. The magnetic properties of these compounds depend 
strongly on the T component and vary between no magnetic 
ordering above 1.6 K for T=Mn and magnetic-ordering tem- 
peratures well above 100 K for T=Fe. Much higher-ordering 
temperatures can be realized with the same structure type for 
compounds of compositions around RFe10M2 where M=Si, 
Ti, V, W, and Mo.3 Several of the latter compounds are       RESULTS AND DISCUSSION 

an arc furnace under a reduced argon atmosphere. Vacuum 
annealing was performed at 800 °C for 6 weeks. Selected 
specimens of each sample were subsequently characterized 
by x-ray diffraction and were shown to be single phase with 
all Bragg peaks consistent with ThMn!2 structure. 

We have measured the specific heat in zero field in the 
temperature range from 1.5 to 200 K. About 200-400 mg of 
each compound were mounted on a sapphire plate in a ther- 
mal frame by using apiezone. This setup comprises the pos- 
sibilities for measurements using the standard adiabatic 
method. 

considered as candidates for permanent-magnet materials 
and owe most of their magnetocrystalline anisotropy to the 
crystal-field induced R sublattice anisotropy. This crystal- 
field induced anisotropy is fairly complicated because it 
seems to be dominated by the contribution of higher-order- 
crystal-field parameters. The high-ordering temperatures of 
the RFe10M2 compounds prevent a thorough study of the 
crystal-field interaction in ThMn12 compounds. For this rea- 
son crystal-field studies have mainly concentrated on RT4A18 

representatives in which magnetic ordering occurs at very 
low temperatures or is absent altogether. In view of the many 
parameters involved, experimental information obtained by a 
technique complementary to the inelastic neutron scattering4 

is desirable. 
In the present investigation we report on specific-heat 

measurements performed in zero magnetic field on the 
ErCu4Al8 and YCu4Al8 compounds in the temperature range 
1.5-200 K. The results are discussed in terms of the crystal- 
field-level scheme presently available from INS spec- 
troscopy.4 

EXPERIMENTAL DETAILS 

The samples of the ErCu4Al8 and YCu4Al8 compounds 
were prepared in polycrystalline form by melting stoichio- 
metric amounts of the elements (of at least 99.9% purity) in 

The specific heat of the ErCu4Al8 and YCu4Al8 com- 
pounds has been measured at zero-magnetic field as a func- 
tion of temperature. Plots of c/T vs T at zero field are given 
in Fig. 1. The data shown for ErCu4Al8 are characterized by 
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FIG. 1. Temperature dependence of the specific heat (c/T) of the ErCu4Alg 

and YCu4Al8 compounds. 
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FIG. 2. Temperature dependence of the specific heat (c) of YCu4Al8. The 
thin solid curve represents a fit to the data points made on the basis of Eq. 

(1). 

a sharp anomaly at 5.18 K. This anomaly is attributed to 
antiferromagnetic ordering. A Neel type transition at 
TN=6K has also been observed by magnetic 
measurements,5 and the antiferromagnetic nature of the mag- 
netic ordering has been confirmed by neutron diffraction ex- 
periment performed by Baio et al.6 

As seen in Fig. 1, no peak is observable in the same 
temperature range for YCu4Al8. The specific-heat data of 
this compound have been analyzed by using the formula 

c=yT+9NkB(T/®D) I ®D'T xAexdx 

(ex-lY (1) 

where yis the electronic specific-heat coefficient and @D the 
Debye temperature. From a plot of cIT vs T1 of the low- 
temperature data, we have determined y to be equal to 
0.02 J/K2mol. From fitting the specific heat curve over the 
whole temperature range considered we derived &D 

= 375 K. The experimental data and the calculated curve are 
compared in Fig. 2. These data were subsequently used to 
separate out the magnetic contribution to the specific heat of 
the Er sublattice. 

In Fig. 3 we have plotted the temperature dependence of 
cm/T, where cm is the magnetic specific heat for the 
ErCu4Al8 compound, obtained by subtracting the nonmag- 
netic part from the observed specific heat. These data have 
been used, in turn, to obtain the temperature dependence of 
Sm/R, where Sm is the magnetic entropy. The temperature 
dependence of Sm/R is also shown in Fig. 3. 

The crystal field splitting in the ErCu4Al8 compound was 
studied earlier by inelastic neutron scattering (INS) 
experiments.4 These experiments had led to propose a level 
scheme in which the ground state is a doublet state, particu- 
larly rich in |7z=±7/2). The first excited level, lying at 
about 42 K from the ground state, is a doublet dominated by 
the \JZ= ±9/2) wave function. The overall crystal field split- 
ting is about 313 K. The magnetic ordering at about 5.2 K 
involves therefore mainly the isolated ground state doublet. 

0     10    20    30    40    50    60    70    80    90   100 

T(K) 

FIG. 3. Temperature dependence of the magnetic contribution to the specific 
heat (cmIT) of ErCu4Al8 (left scale). The thin solid curve represents the 
temperature dependence of the magnetic entropy (right scale). 

The entropy reached at the magnetic transition is expected to 
be equal to R In 2=0.7, which is in satisfactory agreement 
with the data shown in Fig. 3. It can furthermore be seen in 
Fig. 3 that in the paramagnetic regime a small Schottky 
anomaly is found, leading to a shallow maximum in the spe- 
cific heat curve at about 25 K. It is well known that Schottky 
anomalies of this type are generally observed at temperatures 
roughly halfway in temperature between the ground state and 
the first excited state. The specific heat data are therefore in 
reasonable agreement with the level separation of 42 K men- 
tioned above. Finally, at high temperatures, the entropy is 
expected to reach its maximum value R ln(2/+l). For 
Er with 7=15/2 this maximum value corresponds to 
Sm/# = ln(16) = 2.77. This value is seen in Fig. 3 to be 
reached at 100 K. We previously mentioned that the INS 
measurements had indicated an overall crystal field splitting 
of 313 K and from the corresponding level scheme it can be 
derived that at 100 K only about half of the levels will be 
populated. At first sight this seems to be in conflict with the 
entropy data presented in Fig. 3. However, one has to bear in 
mind that the magnetic contribution to the specific heat of 
ErCu4Al8 has been obtained by using the YCu4Al8 data for 
estimating the phonon contribution. In view of the large dif- 
ference in atomic weight between Er and Y, the phonon con- 
tribution based on the YCu4Al8 data very likely is underes- 
timated. It means that the magnetic contribution of ErCu4Al8 

is somewhat too large, in particular in the high-temperature 
regime. This, in turn, leads to an overestimation of Sm IR in 
the high-temperature part and causes the apparent discrep- 
ancy with the INS data. An extension of our specific heat 
measurements to more compounds of this series is planned in 
the near future. 
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Magnetic and structural properties of commercial 
Sm2(Co,Fe,Cu,Zr)17-based magnets 
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A. Kim 
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A newly developed Sm(Co,Fe,Cu,Zr)z magnet, with z=«7, has a lower temperature coefficient of 
coercivity ß, as compared with other commercial magnets with z^l.l. It was found that the initial 
magnetization curve for the newly developed magnet is typical of pure uniform domain wall 
pinning, while for the commercial magnets nucleation and domain wall pinning occur 
simultaneously, although domain wall pinning is still the dominant mechanism. It was also found 
that the magnetic viscosity parameter Sv has similar temperature dependence with the coercivity. 
Transmission electron microscope studies showed that the smaller cell size contributes to the low 
temperature coefficient of coercivity. © 1998 American Institute of Physics. 
[S0021-8979(98)20011-9] 

I. INTRODUCTION 

In permanent magnets, the coercivity and remanence de- 
crease with increasing temperature with rates, known as tem- 
perature coefficients, given by ß = dHcldT and a 
= dMr/dT, respectively. Sm2(Co,Fe,Cu,Zr)17 magnets so far 
have the lowest temperature coefficient among rare-earth 
permanent magnets, and hence, they are very promising can- 
didates for high temperature applications. The coercivity 
temperature coefficient /3(~0.3%/°C) is much higher than 
the remanence temperature coefficient a(~0.03%/°C), and 
because of this, the coercivity is reduced more rapidly with 
increasing temperature than the remanence. The low coer- 
civities at high temperatures lead to a very low energy prod- 
uct and limit the high temperature applications of these mag- 
nets. 

The coefficient ß is strongly dependent on the magneti- 
zation reversal mechanism, which is sensitive to the magnet 
composition, processing parameters, microstructure, and mi- 
crochemistry of the phases present. Earlier studies showed 
that SmCo5, SmTM7, and SmTM7 43 magnets have different 
high temperature behavior.1 Recent studies showed that the 
high temperature performance of Sm2(Co,Fe,Cu,Zr)17- 
based magnets is very sensitive to the iron content. High 
iron content resulted in a greater irreversible loss.2 A 
Sm(Co,Fe,Cu,M)7 magnet, where M is at least one or a com- 
bination of Zr, Hf, Ti, Mn, Nb, V, Mo, and W, was found to 
effectively reduce the temperature coefficient of coerciv- 
ity with a moderately high room temperature coer- 
civity(~20 kOe) and good loop squareness.3 But it is not yet 
clear why their high temperature behavior is different. A 
systematic investigation of magnetic and structural proper- 
ties of Sm2(Co,Fe,Cu,Zr)17-based magnets is needed in order 
to understand their high temperature behavior and find a way 
to improve their performance at temperatures above 400 °C. 

II. EXPERIMENT 

Several Sm2(Co,Fe,Cu,Zr)17-based magnets from Cru- 
cible, EEC, and Arnold were used to study and understand 
the temperature dependence of magnetic properties up to 
600 °C. The crystallographic structure was studied using a 
Philips x-ray diffractometer. The magnetic properties at and 
below room temperature were tested using a superconducting 
quantum interference device (SQUID) magnetometer with a 
maximum applied field of 55 kOe. High temperature mag- 
netic properties were measured using a vibrating sample 
magnetometer (VSM). Microstructure analysis was carried 
out using a JEOL JEM-2000FX transmission electron micro- 
scope (TEM). Magnetic viscosity measurements were carried 
out using the VSM. 

III. RESULTS AND DISCUSSION 

A. Temperature dependence of magnetic properties 

All the as-received magnets had the Th2Znn rhombohe- 
dral structure. A typical x-ray diffraction pattern is shown in 
Fig. 1. The commercial Sm(Co, Fe, Cu, Zr)z magnets with 
z^l-1 received from different companies were designated as 
Cl, C2, C3, and C4, the Crucible newly developed magnet 
with z=«7 was designated as Nl. The Curie temperature, 
saturation magnetization at 55 kOe, intrinsic coercivity 
Hci(R7) and 77ci(450 °C), and temperature coefficient of co- 
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a)Electronic mail: hadji@udel.edu FIG. 1. Typical x-ray pattern of Sm2(Co,Fe,Cu,Zr)17 magnets. 

0021-8979/98/83(11 )/7139/3/$15.00 7139 © 1998 American Institute of Physics 



7140        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Chen et al. 

TABLE I. Curie temperature Tc, saturation magnetization Ms at 55 kOe, 
intrinsic coercivity //cj at room temperature and 450 °C, and the temperature 
coefficient of coercivity ß for Sm(Co, Fe, Cu, Zr)z magnets. 

Sample        (°C) (emu/g) 
Hci (RT) 

(kOe) 
Hoi (450 °C) 

(kOe) 
ß (%/°C) 

(RT-450 °C) 

Cl 
C2 
C3 
C4 
Nl 

810 
811 
818 
815 
810 

104 
104 
112 
103 
93 

22.6 
23.1 
34.3 
27.7 
19.6 

3.5 
2.9 
3.2 
2.6 
6.2 

-0.20 
-0.20 
-0.21 
-0.21 
-0.16 

ercivity /S(RT—450 °C) for all the received magnets were 
measured and listed in Table I. The temperature coefficient 
of coercivity (RT- Ty) is calculated using the following for- 
mula: ßiWT-TO^ilH^KD-H^TOVlH^RVXiRT 
-TX)]}X 100%, where Tx is the operation temperature. The 
Curie temperature for all the samples is above 800 °C with 
small differences of less than 10 °C. A single value of Curie 
temperature for each sample was identified during measure- 
ments. Sample Nl has the highest coercivity at 450 °C and 
lowest temperature coefficient of Hci. The temperature de- 
pendence of coercivities for all the samples is shown in Fig. 
2. It is interesting to note that sample Nl, with a Hci of 6.2 
kOe at 450 °C, has the lowest coercivity at room tempera- 
ture, while sample C3, with a Hd of only 3.15 kOe at 
450 °C, has the highest coercivity at room temperature. 
Therefore, high room temperature coercivity does not neces- 
sarily mean high coercivity at higher temperatures. 

B. Initial magnetization curves 

Figure 3 shows the normalized initial magnetization 
curves at room temperature. Samples Nl, which has the 
highest coercivity above 400 °C, and Cl to C4, which have 
very low coercivity above 400 °C, show a strong pinning 
dominated initial magnetization curve, but if we take a closer 
look at the initial curves, they are different. The initial curve 
for Nl is typical of pure uniform strong domain wall pin- 
ning, while the initial curve for sample C3 is typical of 
mixed pinning and nucleation mechanisms. Nucleation and 
domain wall movement occurs at very low applied fields and 
then the domain wall is pinned by strong pinning sites. For 
samples Cl, C2, and C4, local nucleation and domain wall 
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FIG. 3. Normalized initial magnetization curves at room temperature. 

pinning processes occur simultaneously, although, in gen- 
eral, it is still dominated by a strong domain wall pinning 
mechanism. 

We believe that pure and uniform strong domain wall 
pinning is a critical factor for high coercivity at high tem- 
peratures for Sm(Co, Fe, Cu, Zr)z magnets. 

C. Magnetic viscosity analysis 

Magnetic viscosity analysis is another way to understand 
the behavior of magnetization reversal. From the logarithmic 
dependence of magnetization, the magnetic viscosity coeffi- 
cient S = - dM/d \n(t) can be obtained. S is related to the 
magnetic viscosity parameter (Sv) through the equation Sv 

= S/xm, where x'n is the irreversible susceptibility.4 Mag- 
netic viscosity measurements were carried out for two typical 
samples. The detailed measurement method was described 
elsewhere.5 Figure 4 shows the temperature dependence of 
magnetic viscosity parameter Sv. 

The magnetic viscosity parameter Sv for sample Nl, 
which has the highest coercivity at 450 °C, is less tempera- 
ture dependent, as compared to the C4 sample, which has the 
lowest coercivity at 450 °C. This result indicates that the 
magnetic viscosity parameter Sv and coercivity Hci have a 
similar temperature dependence. 

D. Microstructure comparison 

TEM analysis showed a similar microstructure for all the 
2:17 magnet samples, consisting of a mixture of cellular and 
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FIG. 2. Temperature dependence of coercivity. FIG. 4. Temperature dependence of the magnetic viscosity parameter 5„. 
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TABLE II. Comparison of microscopic features. 

Wall 
Phases Cell size thickness Density of 

Sample identified (nm) (nm) lamella 

Nl 2:17 & 1:5 43 6-15 Low 
Cl 2:17 & 1:5 63 5-20 High 

C2 2:17 & 1:5 75 10-40 High 
C4 2:17 & 1:5 80 2-12 High 

lamellae structure. A statistical analysis was performed on 
the cellular and lamellae structure. Table II shows the cell 
size, the cell boundary thickness, and the density of the 
lamella phase for all the samples. The micro structure of 
samples Nl and C2 is shown in Fig. 5. Sample Nl, which 

$U*^  ■'' 

w 

Tm« 

FIG. 5. Microstructure of samples (a) C2 and (b) Nl. 

has the highest coercivity at 450 °C and lowest temperature 
coefficient of coercivity ß, has the smallest cell size. It 
should be noted that sample Nl has relatively higher Sm 
content than all the other samples, and this would help to 
form more 1:5 cell boundaries according to the phase dia- 
gram. Therefore, smaller cells could be expected after a suit- 
able heat treatment. Smaller cell size contributes to a high 
coercivity at high temperatures. The smaller the cell, the 
stronger and more uniform the domain wall pinning, and this 
is confirmed by their initial magnetization curves. All the 
samples with high density of lamella precipitates have higher 
coercivity at room temperature. The density of lamella phase 
can increase the room temperature coercivity but has little 
contribution to the coercivity at high temperatures, indicating 
that the pinning force of this lamella phase decreases rapidly 
as the temperature increases. Smaller cell size is another key 
feature for the magnets with high temperature performance. 

IV. CONCLUSION 

The temperature coefficient of coercivity ß is a very im- 
portant factor for the high temperature performance of com- 
mercial Sm2(Co, Fe, Cu, Zr)17-based magnets. Commercial 
samples with z~7.7 showed a /3(RT-450 °C) = -0.2%/°C, 
which resulted in a Hci of about 3 kOe at 450 °C. However, 
magnet Nl with z~7 gave a /3(RT-450 °C) of 
-0.16%/°C, resulting in a Hci of about 6.2 kOe at the same 
temperature. It was found that the initial magnetization curve 
for the magnet with high coercivity at 450 °C is typical of 
pure strong uniform domain wall pinning, while for the mag- 
net with a low coercivity at 450 °C is typical of mixed 
mechanism although it is still dominated by domain wall 
pinning. It was also found that the magnetic viscosity param- 
eter Sv is less temperature dependent for the magnets with a 
higher coercivity at high temperatures. TEM studies showed 
that smaller cell sizes have a contribution to high coercivity 
at high temperatures, while a higher density of the lamella 
phase leads to higher coercivity at low temperatures. 
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K. S. Kim and S. C. Yua) 

Department of Physics, Chungbuk National University, Cheongju 361-763, Korea 

S. R. Kim and S. H. Lim 
Thin Film Technology Center, Korea Institute of Science & Technology, Seoul, 130-650, Korea 

We have carried out the magnetization study of melt-spun ribbons of (Tb0.33Fe067)1_J.B_c (x = 0, 
0.02, 0.05, 0.1, and 0.15) alloys. The temperature dependence of magnetization was measured using 
a superconducting quantum interference device and a vibrating-sample magnetometer during 
heating from 5 to 800 K, with an applied field of either 10 or 50 kOe. The present study shows the 
existence of noncollinear magnetics structures. From an analysis of the approach to saturation 
magnetization, the average magnetic moment jxa, random anisotropy field Hr, and local random 
anisotropy constant KL have been extracted. It is found that fia decreases from 1.68 O = 0) to 
1.33 fiB (x = 0.15) and KL increases with increasing B concentration. This result suggests that the 
addition of B seems to increase the random anisotropy and hence to decrease the magnetic order, 
resulting a sperimagnet with large spread angle. © 1998 American Institute of Physics. 
[S0021-8979(98)49411-8] 

I. INTRODUCTION 

Cubic Laves phase TbFe2 compound is known to exhibit 
the largest magnetostriction at room temperature.1 Nanocrys- 
talline grain structure in TbFe2-B alloys was by crystalliza- 
tion a melt-spun amorphous phase2 and the alloy with nanoc- 
rystalline grain structure was found to exhibit better 
magnetostrictive characteristics at low magnetic fields than 
for bulk TbFe2 alloy. Recently, it was shown for giant mag- 
netostrictive RE-Fe [(RE) rare earths] based alloys that ho- 
mogeneous and ultrafme grains were obtained even in the 
as-spun.state.3 This was made possible at a suitable quench- 
ing rate, together with the addition of a suitable amount of B 
to RE-Fe alloys. We therefore find it appropriate to investi- 
gate in detail the magnetic properties of melt-spun 
(Tb0.33Fe0.67)1_;cB^ (* = 0, 0.02, 0.05, 0.1, and 0.15) alloys. 
Abnormal behavior in the temperature dependence of mag- 
netization measured at 10 kOe is observed in all the speci- 
mens. Magnetization is very small at low temperatures and it 
initially increases with increasing temperature, reaches a 
maximum, and then decreases with the further increase of 
temperature. This result may be explained by strong random 
anisotropy at low temperatures. In the framework of the two 
sublattice model, the abnormal magnetization behavior can 
be explained in terms of the existence of the conical spin 
structure which is caused by the noncollinear magnetic cou- 
plings between Fe atoms, and between Tb atoms due to the 
structural disorder. It is noted that the spins from Tb and Fe 
atoms couple antiferromagnetically. In this article, in order 
to obtain intrinsic magnetic properties we analyzed the tem- 
perature and field dependence of magnetization of melt-spun 
ribbons of B containing TbFe2 alloys. 

II. EXPERIMENT 

The Tb-Fe-B alloys were arc melted in an Ar atmo- 
sphere and, in some cases, the alloy ingots were also ob- 

"'Electronic mail: scyu@cbucc.chungbuk.ac.kr 

tained by induction melting. Subsequent melt spinning was 
carried out in an Ar atmosphere with a surface velocity of 50 
m/s. The melt temperature was maintained at just above the 
melting point. The ribbons obtained were 20 ßm thick and 
about 1 to 2 mm wide. The structure of the samples was 
examined by x-ray diffraction using Cu Ka radiation and 
also by transmission electron microscopy (TEM). The for- 
mation of an amorphous phase was observed more clearly 
from TEM. A previously TEM study3 showed that the melt- 
spun ribbons consists of nanocrystalline grains and an amor- 
phous phase. The magnetization measurements were per- 
formed by using a superconducting quantum interference 
device (SQUID) and a vibrating-sample magnetometer 
(VSM) during heating from 5 to 800 K, with an applied field 
of either 10 or 50 kOe. 

III. RESULTS AND DISCUSSION 

A. Temperature dependence of magnetization 

Figure 1 shows the temperature dependence of magneti- 
zation for the melt-spun (Tb033Feo.67)i-^BJ. (x = 0, 0.02, 
0.05, 0.1, and 0.15) alloys at 10 kOe. It can be seen in all the 
curves that the magnetization increases with increasing tem- 
perature and reaches a maximum at a temperature Tmm, 
above which the magnetization starts to decrease, as ex- 
pected, upon approaching the Curie temperature Tc. It seems 
that the applied field of 10 kOe is not enough to magnetize 
the specimens at low temperatures. With increasing B con- 
tent, the magnetization at rmax decreases from 90 (x = 0) to 
72 emu/g (x = 0.15). In the framework of the two sublattice 
model, the abnormal behavior of these magnetization curves 
can be explained in terms of the existence of noncollinear 
magnetic structures. Figure 1 shows the temperature depen- 
dence of magnetization for the same samples at a higher 
magnetic field of 50 kOe. As can be seen in Fig. 2, the 
temperature dependence of magnetization at an applied mag- 
netic field of 50 kOe becomes similar to that observed in 
normal ferromagnets or ferrimagnets. 

0021-8979/98/83(11 )/7142/3/$15.00 7142 11998 American Institute of Physics 
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FIG. 1. The temperature dependence of magnetization, for the melt-spun 

ribbons of (Tbo.33Feo.e7)!-A U = 0, 0.02, 0.05, 0.1, and 0.15) alloys at an 
applied magnetic field of 10 kOe. 

Figure 3 represents the magnetization at 5 K with an 
applied field of 50 kOe and the Curie temperature as a func- 
tion of B concentration. It is seen from Fig. 3 that the mag- 
nitude of magnetization decreases monotonically with the 
increase of B. At low temperatures, the magnetization M(T) 
is well described in terms of the Bloch's T3'2 law. The Bloch 
coefficients B, which is the thermal average of the total con- 
tribution arising from spin waves of all wavelengths, is re- 
lated to the spin wave stiffness D, through the expression4 

D=ai/2)2/\gßB/M(0)B]2ß(kB/47r), (1) 

where £(3/2) is the Riemann zeta function and g is the spec- 
troscopic splitting g factor. The values of D were determined 
from a fit to the SQUID magnetic data measured at 50 kOe 
in the temperature range 5-200 K. It is found that the value 
of D decreases from 126.8 to 65.1 meV A2 with increasing 
B concentration from x = 0 to x = 0.15. This may be due to 
the increasing proportion of negative Fe-Fe interactions at 
short interatomic separations and the decrease of average 
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FIG. 2. The temperature dependence of magnetization for the melt-spun 

ribbons of (Tbo.33Feo.67)i-^Bx (x = 0, 0.02, 0.05, 0.1, and 0.15) alloys at an 
applied magnetic field of 50 kOe. 
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FIG. 3. The magnetization measured at the temperature of 5 K and at the 
field of 50 kOe, and the Curie temperature as a function of B concentration. 

iron moment. In order to clarify this behavior, we estimated 
the exchange stiffness A and the average moment of the 
samples. The value of A can be obtained from the mean field 
model and from the Curie temperature.5'6 One can drive the 
following relation 

A = (CSFekBTc)/4(SFe+l)rFe_Ft (2) 

where C is the concentration of Fe in atomic percent, SFe is 
the spin moment of Fe and rFe_Fe is the nearest neighbor 
distance. We can calculate SFt, from the relation of 
M(/jiB) = 2xFeSFefiB, where M{fiB) and xFe are the mag- 
netic moment of sample and the concentration of Fe, respec- 
tively. The magnetic moment arises from the contribution of 
the moments of Fe (yUFe) and Tb (/UTb), which are aligned 
antiferromagnetically. It is known that the transition metal 
(TM) moment is reduced when RE is alloyed. This is due to 
the hybridization of the 3d orbitals of TM with the 5d ones 
of RE. We found /aTb=0.64^B in Tb033Fe067 alloy. This 
value is lower than the theoretical value expected for the free 
ion Tb (9.0 /JLB). This suggests that the spin structure of Tb 
is not collinear but conical. This is to be expected for the rare 
earth with a strong spin-orbit coupling and hence strong ran- 
dom local anisotropy. An independent estimate of exchange 
integral / is provided by the expression for the Curie tem- 
perature in the molecular field approximation. It is known 
that the exchange integral between two Fe atoms depends 
sensitively on the relation between their interatomic separa- 
tion and the range of their 3d orbitals. Exchange integral J is 
described in terms of the Curie temperature 

Tc = 2(Z)/Fe_Fe5Fe(5Fe+ 1 )l3kB. (3) 

Figure 4 shows the exchange constant and exchange in- 
tegral as a function of the B content. It is seen from Fig. 4 
that both the exchange stiffness constant and the exchange 
integral decrease with increasing B concentration. This result 
can be expected from the suppression of the magnetic ran- 
dom anisotropy in the B-free sample, thus the random mag- 
netic anisotropy seems to be minimized. In order to clarify 
this behavior, we analyzed the field dependence of magneti- 
zation. 
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FIG. 4. The exchange stiffness constant and the exchange integral as a 
function of B concentration. 

B. Field dependence of magnetization 

According to the Chudnovsky model,7'8 for applied 
fields less than the exchange field Hex, magnetization shows 
a linear dependence on HU2. It is known that magnetization 
can be written phenomenologically as 

M = Ms(l-al/Hm-a2/H-a3/H2) + XhfH. (4) 

The terms involving a { and a2 result from the fluctuations of 
the local orientation of the easy axis and structural inhomog- 
inites, respectively. The term a^lH1 is ignored in our calcu- 
lations, because in our case the applied field is not so high. 
xM is the high field magnetic susceptibility. The magnetiza- 
tion curves for all samples are found to fit Eq. (4) as shown 
in Fig. 5. From the fit, one can deduce the field Hs, where 
Hs = HA

rIH\x. The random anisotropy field Hr and the local 
random anisotropy constant KL are related as Hr 

= 2KL/MQ. The exchange field can also be expressed as 
HeK=2A/M0(Ra)2,   where Ra  is  the  atomic  correlation 
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FIG. 5. The field dependence of magnetization at 5 K for the melt-spun 
ribbons of (Tb^Fe^)^^ (x = 0, 0.02, 0.05, 0.1, and 0.15) alloys. The 
solid lines represent the fit of the data to Eq. (4). 

TABLE I. The values of average magnetic moment (/*„), average half cone 
angle (0) of the iron subnetwork, exchange field (//cx), anisotropy field 
(Hr), and random anisotropy constant (KL) for the melt-spun ribbons of 
(Tb0.3,Fe067),_A (x = 0, 0.02, 0.05, 0.1, and 0.15) alloys. 

KL 

(Tb033Fe067)i -A ßa (MB) en "ex m Hr(T) (10* erg/cm3) 

x = 0 1.68 58 2.6 0.4 2.1 
x = 0.02 1.62 62 2.5 0.6 3.1 
* = 0.05 1.52 68 2.1 1.0 5.0 
JE = 0.1 1.40 74 2.0 1.1 5.3 
JC = 0.15 1.33 78 1.9 1.3 6.2 

length, taken generally as 10 Ä in the case of an amorphous 
phase.9 The values of //ex and ßa decrease with increasing B 
concentration. This indicates that the magnetic structure of 
these alloys changes with the addition of B. The decrease of 
Hex and the increase of Hr with increasing B concentration 
can be explained by the conical magnetic structure with 
larger spread angle at higher B content. The present result 
shows that the random magnetic anisotropy increases with 
increasing B content. Indeed, it is seen in Table I that the 
average magnetic moment decreases from 1.68 to 1.33 fxB 

and the local random magnetic anisotropy constant KL in- 
creases with increasing B content. Using the relation1 

yUFe= ^tFe(free ion)( 1 + cos 6)12 (5) 

the average half cone angle is estimated to be 58° for the iron 
subnetwork in the B-free sample. This indicates that the Fe 
moments have a conical spin structure due to strong random 
anisotropy. The reduction in the Fe moment arises from the 
random local anisotropy which tends to align the Fe moment 
along random directions. In particular, one observes that the 
spread angle increases with increasing B content. This result 
is consistent with the observation that the local random mag- 
netic anisotropy increases with increasing B content. It 
would be of interest to compare the present results with those 
reported previously3 where magnetostriction decreases with 
increasing B content. 
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Alternating current susceptibility study of Dy2Fe17_xGax compounds 
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The effect of Ga substitution for Fe in Dy2Fe17_A.Ga^ on the low field ac susceptibility is reported. 
The easy magnetization direction is along the c axis for x>6.3 while for x<6 it is within the basal 
plane. With decreasing temperature a spin reorientation from an easy axis to an easy cone takes 
place when 6=£x=£6.3. Two other anomalies have been found in the susceptibility of easy plane 
materials when the field is applied in the plane: (i) at T near room temperature, both x' and x" 
depend on the frequency and x" shows a maximum which shifts to higher temperatures with 
increasing frequency; (ii) at low temperatures an increase in x' is accompanied by time varying 
effects. While the latter is related to the domain structure reconstruction due to a change of the 
in-plane anisotropy, the former is caused by thermally activated domain wall pinning and depinning. 
The Ga substitution strongly affects the low temperature anomaly which disappears when x>2, 
whereas it has little effect on the high temperature one. © 1998 American Institute of Physics. 
[S0021-8979(98)30011-0] 

INTRODUCTION 

Substitution of some Ga for Fe in I^Fe^ can effectively 
increase the Curie temperature and induce room temperature 
uniaxial anisotropy.1"5 However, the reasons for these 
changes are not quite clear. Temperature dependence of an- 
isotropy constants is one among many studies which may 
help to understand the origin of the change of anisotropy 
type. When such changes take place upon substitution, a 
temperature-induced spin reorientation transition (SRT) can 
be expected for certain compositions. 

Owing to the direct relation between domain- 
magnetization-rotation (DMR) susceptibility, and the anisot- 
ropy constants K,- and spontaneous magnetization Ms, the 
low-field ac-susceptibility technique is often used to detect 
SRT caused by change in the anisotropy energy. However, 
there can also be a contribution to the ac susceptibility from 
domain-wall displacement (DWD), which makes the analysis 
complicated, since factors other than the intrinsic parameters 
Ms and K( will play a role. Thus different types of anoma- 
lous temperature dependence could arise, which cannot be 
directly related to K, and explained by the classical technical 
magnetization theories for DWD. Susceptibility anomalies 
have been found in a number of rare earth-transition metal 
based alloys and have received different, sometimes contro- 
versial, explanations in the literature.6-9 

Here we present the results from an ac-susceptibility 
search for spin reorientation transitions in Dy2Fe17-;cGa;(: in 
which an anomalous temperature dependence of xac 

was also 
found and studied. 

EXPERIMENTAL METHODS 

The real x' and imaginary x" components of the ac 
susceptibility (x = x'~~ Jx") nave been measured at an ac- 

a'Electronic mail: jcoey@tcd.je 

field amplitude of #m=8 A/m and fixed frequencies / be- 
tween 10 and 1000 Hz using a mutual impedance bridge. 
Measurements were taken while warming the samples at a 
constant rate from 4.2 K (for some samples from 77 K) after 
zero field cooling. Measurements above room temperature 
on bulk polycrystalline samples have been taken only at / 
= 100 Hz with a setup different from the one used at low 
temperatures. 

Oriented samples with a cylindrical shape (/=10mm, 
d = 3mm) have been prepared by mixing 10%-15% fine 
powder (particle size under 15 fjaa) with epoxy resin, fol- 
lowed by alignment in a 1 T magnetic field in two different 
ways depending on the type of the room temperature mag- 
netic anisotropy. For alignment of easy axis materials (x 
3=6) a static magnetic field was applied, while for the easy 
plane materials (x<6) a rotating field was used10 to insure 
that the magnetically hard c axis of all crystallites is collin- 
ear. 

For calculating ^ac, the sample volume was determined 
by the mass-density technique using the net mass and x-ray 
density. No demagnetizing corrections were performed (the 
demagnetizing factors are smaller than 0.05). 

RESULTS AND DISCUSSION 

Above room temperature, Xac f°r all samples changes 
smoothly without any indication of SRT up to the Curie 
temperature, at which temperature a Hopkinson type maxi- 
mum occurs. This shows that the room temperature anisot- 
ropy type is maintained. The measured Tc are in good agree- 
ment with those reported by Shen et al.2 

Below room temperature, depending on the Ga concen- 
tration, four different types of behavior were found. 

(1) For all samples with Ga above x= 6.3 (i.e., x = 6.8; 7 and 
8) x' is very small (less than 0.1) and changes smoothly 
without any peculiarities, regardless of the direction of 

0021 -8979/98/83(11 )/7145/3/$15.00 7145 © 1998 American Institute of Physics 
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FIG. 1. x' as a function of temperature measured at H„, 
is applied perpendicular to the easy c axis. 

= 8 A/m. The field 

the applied field. The easy magnetization direction is 
along the c axis for all temperatures. The small value of 
x' reflects the uniaxial character of the anisotropy and 
the reduced value of Ms, due to the combined effects of 
Ga dilution and antiparallel coupling of the rare earth 
and Fe sublattices. 

(2) For x = 6 and 6.3 a sharp peak on transverse x' appears 
at temperatures of 116 and 110 K, respectively; see Fig. 
1. The peak position and the susceptibility itself are fre- 
quency independent. It is natural to attribute this peak to 
a SRT, at which deviation of the moments from the easy 
c axis takes place with decreasing temperature. This at- 
tribution is supported by the magnetization and Möss- 
bauer data obtained on oriented samples, suggesting that 
below the SRT the magnetic moments are along an easy 
cone. It is worth noting that the change of the anisotropy 
type in Dy2Fe17_xGa^. takes place at a lower Ga concen- 
tration than in Y2Fe17_xGax, where Kj of the Fe sublat- 
tice has been found5 to change sign slightly above x 
= 6.5. 

(3) For easy plane samples with Ga above x = 2, xac mea- 
sured with the field applied in the easy plane is an order 
of magnitude higher than that for easy axis materials, 
Fig. 2(c). With increasing temperature x' increases. At 
low T all the curves measured at different frequencies 
coincide, while above about 230 K they depend strongly 
on / but tend to merge again when approaching room 
temperature. In the latter region x" starts to increase 
from a negligible value and forms a peak, Fig. 3(c). Both 
the x" peak and the x' curve shift to higher T for higher 

/• 
(4) For Dy2Fe17 and for samples with x = 1 and 2 (all of 

them with easy plane anisotropy) another anomaly ap- 
pears between 145 and 155 K, where the parallel x' 
forms a dip (for the Ga-free sample) or shoulder (for x 
= 1 and 2). In this temperature region x' depends on the 
warming rate and it also decays with time. 

If the field is applied perpendicular to the easy plane 
materials, x&c f°r all °f mem is much smaller, Fig. 2(b), and 
it changes smoothly without any anomaly. 

Similar anomalous behavior has already been observed 
in Sm2Fe17 and discussed extensively in the literature.6-9 In a 
recent publication9 Chen, Skumryev, and Coey emphasized 
the difference between the high and low temperature anoma- 
lies. They suggested that the latter is related to domain struc- 
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FIG. 2. x' as a function of temperature at H,„ = 8 A/m, applied along ab 
plane, for different frequencies: (a) /= 10 100 and 1000 Hz; (b) and (c) / 
= 10, 30, 100, 300, and 1000 Hz. The curves shift to higher T at greater/. 
On the right-hand y axis of (b) x' measured with field along the hard c axis 
is plotted. 

ture reconstruction accompanied by thermally hysteretic 
pseudostatic wall pinning and depinning, whereas the former 
is caused by thermally activated dynamic domain wall pin- 
ning and depinning due to local directional ordering around 
domain walls. 

In order to trigger the low temperature anomaly a sudden 
change in the domain structure is required. For easy plane 
anisotropy materials, where most domain walls lie in the ab 
plane, such a change could arise if the in-plane anisotropy 
constant K3 changes rapidly. Indeed, for a Dy2Co17 single 
crystal a drop in x' was observed at temperatures where K3 

vanishes.7 For Dy2Fei7_xGa^ easy plane materials we found 
that K] and K2 decrease with Ga substitution. Although it 
was not possible to determine K3 for our polycrystalline 
samples, we can expect that Ga substitution would also af- 
fect the in-plane anisotropy constant and hence the low tem- 
perature anomaly. Indeed, as we see from Fig. 2, the 
anomaly is strongly affected by Ga substitution and disap- 
pears above x = 2. 

The high temperature anomaly could be caused by ther- 
mally activated local directional ordering of Fe atoms or a 
small amount of hydrogen in the sample,9 and it has no direct 
relation to the change in the anisotropy energy affected by 
Ga. Indeed, as can be seen from Figs. 2 and 3, Ga substitu- 
tion has little effect on it. The anomaly was observed for all 
samples with an easy plane anisotropy. Using the set of data 
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FIG. 3. x" as a function of temperature at Hm = 8 A/m, applied along ab 
plane, for different frequencies: (a) /= 10 100 and 1000 Hz; (b) /= 10, 30, 
100, 300, and 1000 Hz; (c)/=30, 100, 300, and 1000 Hz. The curves shift 
to higher T at greater /. 

for x' and x" measured on Dy2Fe16Ga1 [Figs. 2(b) and 3(b)] 
and following the procedure described in Ref. 9 x" vs x' 
plots were obtained for fixed temperatures between 250 and 
290 K. Most points fits on a semicircle, which suggests the 
existence of single relaxation time rfor a thermally activated 
process at a given temperature. The relaxation time obeys an 

Arrhenius law with an activation energy Q*»0.5 eV and a 
pre-exponential factor T0

SS
2X 10~13, which is characteristic 

of a Debye process. 

CONCLUSION 

It has been found that for all temperatures below Tc the 
easy magnetization direction is along the c axis for Ga sub- 
stitution x>6.3 while for x<6 it is within the basal plane. 
With decreasing temperature a spin reorientation from an 
easy axis to an easy cone takes place in a narrow composi- 
tional range between x- 6 and x=6.3. Two other anomalies 
in the susceptibility of easy plane materials have been found 
when it is measured in a field within the plane. The Ga 
substitution strongly affects the low temperature anomaly 
which disappears above Ga= 2, whereas it has little effect on 
the high temperature one. 
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The thermal diffusivity of bulk and epitaxial layer samples of the giant magnetoresistance 
compounds Nd067Sr033MnO3_,5and La0.67Ca0.33MnO3_ais investigated in a comparative study for 
temperatures between 35 and 350 K in order to detect preparational differences and to correlate the 
thermal transport with magnetization M and resistivity p. We find for Nd-Sr an anomaly of the heat 
diffusivity D near 145 K (80 K La-Ca) which we attribute to a temperature-induced canted metal 
to AFM insulator transition and a second anomaly in D(T) near 250 K (300 K) which we assign to 
the transition to paramagnetism. The low-temperature anomaly can be a step of up to five times in 
the heat conductivity, which makes these compounds potential magnetic field activated heat 
switches, as this transition can also be induced by a magnetic field. © 1998 American Institute of 
Physics. [S0021 -8979(98)44811 -4] 

I. INTRODUCTION 

The magnetic and transport properties of 
RE1_^EAxMn03_5 compounds close to x= 1/3 and x— 1/2 
are very sensitive to oxygen stoichiometry, way of prepara- 
tion, annealing procedure, and atmosphere. In this contribu- 
tion, we concentrate on the discussion of heat conductivity K 

of Nd-Sr and La-Ca samples close to x= 1/3, but of differ- 
ent make. Here, too, we observe a strong dependence on 
preparational conditions. As for example the oxygen content 
and interfacial stresses are difficult to determine with epitax- 
ial layers, while with ceramics, defects and grain boundaries 
are often unspecified, we use a secondary characterization 
via other structure sensitive properties, e.g., electrical resis- 
tivity and magnetization. This way, at least a rough classifi- 
cation of the samples and a correlation of the different physi- 
cal quantities can be achieved. 

II. SAMPLE PREPARATION AND EXPERIMENT 

The epitaxial thin films of thickness of 150nm<öf 
<500nm were deposited on SrTi03 substrates by laser ab- 
lation of polycrystalline targets. Substrate temperatures be- 
tween 600 and 900 °C were used at a deposition pressure of 
0.4 mbar oxygen. The x-ray diffraction patterns showed no 
other reflections than those consistent with a cubic unit cell. 
More details are given in the figure captions. 

The "bulk" Nd-Sr sample is prepared by conventional 
solid state reaction. Stoichiometric proportions of high purity 

"'Permanent address: SINP, A-1F Bidhannagar, Calcutta 7000064, India. 
""'Permanent address:  Institute for Metal Physics, S.  Kovalevskaya 18, 

62021 Ekaterinburg, Russia. 
"'Permanent address: Institute of Physics, Chinese Academy of Sciences, 

Beijing 100080, People's Republic of China. 

starting materials, Nd203, SrC03, Mn02, are weighed and 
wet mixed for two hours in a planetary mill. The slurry is 
dried and further calcined in a recrystallized alumina crucible 
at 1200 °C for 24 h in air with three intermediate dry mixing/ 
milling (carbide jar and ball) steps. Subsequently, the pow- 
der is cooled to room temperature, finely ground in a vibro- 
mill, and uniaxially pressed to pellets. The pellets are then 
sintered at 1500 °C for 5 h, cooled to 1300 °C at a rate of 30 
K/h, and held there for 15 h. After that, it was cooled to 
room temperature at a rate of 120 K/h. X-ray powder diffrac- 
tion confirmed a single phase with a pseudocubic structure 
(a0 = 3.852 Ä). The composition was tested using wet chemi- 
cal analysis (ICP technique) and the weight in composition 
was confirmed within 3%. The "ceramic" sample, prepared 
from oxides and carbonates as above, was reacted in air at 
1300 °C for several days with intermediate grindings. Pellets 
were pressed from the powders, sintered in air at 1250 °C for 
10 h and cooled slowly to room temperature. The annealing 
procedure was repeated once. The x-ray peaks could be fitted 
to a cubic structure with lattice parameter a0=3.854 A. 

The experimental setup used and the data reduction pro- 
cedure is described in detail elsewhere.1'2 In order to measure 
K we have chosen the transient thermoelectric effect (TTE), 
which primarily measures the heat diffusivity D, however, 
once D is known, the thermal conductivity K can be calcu- 
lated using specific heat capacity data, as cp^cv, D 
= K/cvp0 (p0: density). We try to characterize each sample 
by its S value and measurements of several physical quanti- 
ties, taken on the same sample. Generally, with increasing S 
both the magnetic moment and the conductivity are 
reduced.1-6 From that, the oxygen content can be estimated; 
this has been done here by comparing the shifts and resistiv- 
ity peaks obtained for different substrate temperatures of 
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FIG. 1. Heat diffusivity D, specific heat capacity cp , resistivity p, and magnetic moment M at B = 100 G of two bulk samples of RE067EA033MnO3_Ä vs 
temperature, (a) Bulk Nd-Sr <5=s0.04, (b) ceramic Nd-Sr, ,5=50.14. (c) Two epitaxial samples: laser ablation, SrTi03 substrate, 0.4 mbar 02 Nd-Sr: S 
«0.1, Ts=600 °C, thickness: rf~500 nm and La-Ca: <S«0.13, Ts = 800 °C, rf«150 nm. 

oxygen deficient Nd-Sr epitaxial layers7 with those of oxy- 
gen deficient La-Ca epitaxial layers and both of these with 
results obtained on oxygen deficient La-Ba ceramic 
samples, whose oxygen content had been chemically 
determined.6 Generally, an increasing oxygen deficit S shifts 
all transitions to lower temperatures and simultaneously in- 
creases the spin randomness.1-7 

III. RESULTS 

The magnetization of sample 1 is too low for collinear 
Mn-based ferromagnetism; therefore, M{T) shows a canted 
order-disorder transition (Tc=240 K). The spin disorder for 
T>TC could be paramagnetism or spin-glass like. The low 
resistivity for T<TC shows the correlation between metallic 
conductivity and (canted) ferromagnetism. The shape of 
p(T) for T<TC suggests spin disorder scattering in particu- 
lar, while activated behavior, i.e., a Mott or Arrhenius law is 
observed for T> Tc, suggesting a gap opening at Tc. The 

heat diffusivity curve, D(T), also shows Tc as a dip, while 
the low value of D for T> Tc, 0.5 mm2 s~\ indeed suggests 
spin disorder. 

While for sample 1 long-range magnetic order is intro- 
duced at 240 K, sample 2 shows a significant rise of mag- 
netic moment M(T) only at 150 K, which is again accom- 
panied by a sharp drop in resistivity and is tentatively 
designated Tx. The specific heat capacity cp(T), however, 
shows a peak around 240 K, suggesting a spin-compensated 
but mainly coherent magnetic structure for 150 K<T 
<240 K and an incoherent, i.e., thermal or topological spin 
random structure for T> 240 K. The resistivity versus tem- 
perature curve p(T) shows a weak shoulder at 240 K, sug- 
gesting a convoluted (double) resistivity peak and with it two 
different activated regimes. The absolute values of D and K 

are comparable to those found for LaMn03_5.8 The dip in D 
close to 300 K could mark a final transition to paramagnet- 
ism, while the low value of D again suggests spin random- 
ness. Close to Tl, a peak of D is observed (see also Ref. 2). 
The epitaxial layers, samples 3 and 4, both show a broad 
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l=bx/|J|S2 

FIG. 2. Tentative phase diagram and placement of the samples 1-4; tem- 
perature scale might be slightly different for each sample. 

resistivity peak like sample 2 which thus also might be a 
convolution. A step up to a factor of 5 is observed close to 
T\, which is accompanied by a sign change of the thermo- 
electric power in both cases; filled and open circles are used 
to demonstrate this. Again we observe the lowest value of D 
in the intermediate regime, 150 K<T<250 K. As the mag- 
netic moment of La-Ca [Fig. 1(c)] is rather low, spin disor- 
der is suggested, like in sample 2. 

IV. DISCUSSION 

The strong correlation of transport and magnetization is 
generally ascribed to the double exchange mechanism: here, 
metallic conductivity should occur together with ferromag- 
netisms through spindependent transfer of the extra electrons 
of the valence mixture. This correlation is indeed observed 
very often. The large variety of phenomena like GMR, field- 
induced metal-insulator transitions, mixed valence ordering, 
etc. are thought to occur mainly because of a competition of 
this double exchange mechanism and conventional superex- 
change of comparable strength, while a (spin) random com- 
ponent may be introduced through the oxygen deficit. In ad- 
dition, large magnetovolume effects occur4 and point to a 
strong mutual influence between lattice and spin system, e.g., 
the idea of a rigid lattice has to be abandoned in general and 
polarons and Jahn-Teller like effects should be found. Al- 
though a phase diagram resulting from the competitive ex- 
change has only been considered in connection with a rigid 
lattice and band filling scheme by deGennes, for an overview 
this diagram (Fig. 2) is still suitable. However, to the original 
diagram a few modifications have to be added: 

(1) The quadrupel point should be split be some additional 
(spin-orbit) interaction. 

(2) The randomness of the system introduces a percolation 
threshold for the conduction at which the carrier concen- 
tration is finite, xp; this is simultaneously a metal- 
insulator (m-i) boundary. 

(3) The paramagnetic region might be split into a spin-glass- 
like and a pm state because of the random elements. 

(4) The antiferromagnetic and paramagnetic phases might 
be insulating for x>x5

p; i.e., the m-i boundary runs 
probably first along Tr and then along Tc. 

(5) Instead of a fixed carrier concentration as independent 
variable one should use the original £ variable, i.e., the 

ratio of maximal double exchange and superexchange 
energies ij=bx/\J\S2. 

This way pressure effects and mechanical strains can be 
implemented to first order through the distance dependences 
of the transfer and exchange integrals b(r), J(r). If we ten- 
tatively place our samples 1 -4 into that diagram, we assume 
that with increasing S we have increasing nonstoichiometry 
hole doping and simultaneously an increase of spin 
randomness.1"5 

Figure 1 shows several anomalies in D and K. First, with 
broad resistivity peaks one always finds a peak or a step 
close to the transition between the low-temperature metallic 
state and the high-temperature activated (semiconducting) 
region (at Tx). For magnetic materials, the heat conductivity 
is usually written as a sum of three terms,9 /c=/cph+/cel 

+ Km. As there are no structural changes in this temperature 
region, the phonon part Kph should be constant through this 
transition, while both the electronic /ce, and magnetic parts 
K,„ might be subject to change. This would also mean a 
higher sum /cel+ Km in the thermally activated states. The flat 
region of the K(T) dependence for La-Ca and T>100K 
might be due to blocked heat conduction in a spin-glass-like 
state and thus the increase in K at higher temperatures, T 
2= 350 K, could be connected with the onset of the paramag- 
netic regime.10 

Magnetization measurements have shown that while sto- 
ichiometric Lag 67Cao 33Mn03 is a double exchange ferro- 
magnet, oxygen deficient samples, e.g., La067Ca033MnO3_5, 
0< <?s£0.3 are more complicated. At lower S values and 
close to Tc a spin-polaron peak is often superimposed to the 
spin disorder scattering.5 However, with high £>0.1 a 
change in character, i.e., an order-order transition has been 
proposed.1"5 In particular, a whole sequence of different 
magnetically ordered phases with decreasing temperature, 
i.e., paramagnetic (pm), spin glass like (sg), antiferromag- 
netic (afm), and canted has been proposed.1-5 
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The valence state of Mn in magnetoresistive perovskites has been widely related to the level of 
alkaline metal substitution of the rare earth, by assuming that the Mn exists in 3 + or 4 + valence 
states. Measurements have been made on a series of samples in the system Pr1_(j.+-y)CaJ.Sr:yMn03. 
55Mn nuclear magnetic resonance (NMR) zero field spin echo measurements on a single crystal with 
x = 0.1 and y = 0 show distinct resonances around 310 MHz (Mn4+) and 400 MHz (Mn3+) but also 
at 590 MHz (Mn2+). An increase in the Mn2+ resonance frequency in an applied field implies that 
the Mn2+ moment is antiferromagnetically coupled to the net magnetization. Spectra from powder 
samples are much broader. The resonance frequencies increase as the Pr content is reduced. For 
systems with x + y = 0.4, there is little change in the NMR spectrum as the proportions of Ca and Sr 
are altered.   © 1998 American Institute of Physics. [S0021-8979(98)26511-X] 

In recent years the large family of magnetic materials 
known as perovskites have been the subject of intensive re- 
search. They exhibit properties such as high temperature su- 
perconductivity and extremely high magnetoresistance.1"3'8 

The renewed interest follows theoretical and experimental 
studies dating back to the 1950's.4"7 

The cubic crystal structure of simple perovskites is dis- 
torted orthorhombically for many systems, such as 
Pr1_^CaJ.Mn03. It is the distorted perovskite manganese ox- 
ides of the form R3+A2+Mn03 which exhibit the large nega- 
tive magnetoresistance.8 The magnetoresistive response is 
thought to arise from the relationship between the level of 
A2+ dopant and the Mn valence affecting carrier mobility. 
The carriers hop preferentially between ions with a parallel 
spin configuration, stabilizing ferromagnetism (FM). The va- 
lence state v of the Mn"+ has been widely related to the 
concentration x of the dopant by the formula 

R3^A2+Mn3!xMn4+02-. 

Transport measurements1 made across a wide range of tem- 
peratures, however, indicate that there is some disproportion- 
ation of the 3+ state into 2+ and 4+ states. Here we 
present spin echo nuclear magnetic resonance (NMR) data 
on Pr1_(A.+),)CaJ.Sr:vMn03. For x = 0.4 and y>0.1, the sys- 
tem has the characteristics of a ferromagnetic conductor,3 as 
described below. The system was studied using an automated 
swept frequency spectrometer,9 in two regimes: 

The first regime, v = 0, exhibits2 a number of different 
antiferromagnetic (AFM) structures for x>0.5, and mixed 
ferromagnetic (FM) and AFM characteristics for x<0.5. It is 
found to remain insulating for all compositions, though for 
x = 0.3 a metamagnetic transition to a ferromagnetic conduc- 

a)Electronic mail: gt2@st-and.ac.uk 
b)Also at Dept. of Solid State Physics, University of Mining and Metallurgy, 

30-059 Cracow, Poland. 

tor has been observed.10 At 4.2 K both the Mn and Pr sub- 
lattices are magnetically ordered. In this investigation the 
most detailed measurements have been made from 1.7 to 15 
K on a single crystal with x = 0.1 and y = 0 in fields from 0 to 
8 T. For this system the Curie temperature is 100 K, with a 
spin reorientation at around 70 K. The Pr sublattice orders at 
around 30 K, and the low temperature structure consists of 
moments FM coupled in plane with AFM coupling between 
planes. 

In the second regime the total dopant level, x + y, is kept 
at 0.4 for a range of x and v. It has been found that despite 
the constant level of alkaline earth doping, there are changes 
in the magnetic properties of the system at 4.2 K as x/y is 
varied.3 For v = 0, the system is AFM at low temperatures 
(TN= 170 K), but the introduction of Sr results in a mixed 
AFM/FM magnetic system. Above v = 0.1 the material 
shows FM behavior with a decrease of resistivity, suggesting 
an increase in the stability of the ferromagnetic state.3 The 
magnetic and electronic properties are related to lattice dis- 
tortions, introduced by a combination of size mismatch of 
the alkaline earth atom and the Jahn-Teller effect, with FM 
becoming increasingly dominant as the proportion of the Sr 
is increased. 

NMR measurements were made on two samples with 
composition Pr09Cao jMnC^; sample A was a single crystal 
produced by the floating zone method, using an infrared im- 
age furnace. The quality of crystals produced by this method 
is detailed by Balakrishnan et al.n Sample B was a powder 
produced, as described by Lees et al.n 

The 55Mn NMR zero field spin-echo spectrum of sample 
A in Fig. 1 shows three distinct resonances around 310, 400, 
and 590 MHz. These data have been obtained at 4.2 K in a 
carefully tuned and matched coil, and have been corrected 
for transverse relaxation (T2) and the frequency squared sig- 
nal dependence. No change in the resonant frequencies was 
observed in the range 1.7 to 15 K, but the drop in the relax- 
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FIG. 1. 55Mn NMR spin-echo spectrum of ProgCaj,,Mn03 single crystal at 
4.2 K. Measurements are corrected for transverse relaxation effects and the 
"frequency squared" response effect. 

ation time T2 of the signals with temperature meant that no 
data were obtainable above 15 K. 

The lines around 310 and 400 MHz were ascribed to 
Mn4+ and Mn3+, respectively. The 55Mn NMR resonance at 
590 MHz is commonly ascribed to Mn in its 2 + valence 
state and has been observed in a number of related systems 
such as spinel-type oxides13 and manganese ferrites,14 

though it is interesting that no Mn2+ is observed in the La 
based perovskites by photoemission studies.15 

The NMR data provide the first direct evidence for the 
presence of Mn in the 2+ valence state in the R3+A2+Mn03 

systems, though indirect evidence of the inadequacy of the 
nominal 3+/4+ valence approach has been obtained from 
thermoelectric power measurements across a wide range of 
temperatures.1 Although it has been shown that layered man- 
ganite systems containing only Mn2+ and Mn3+ can be pre- 
pared, these have only been formed under highly reducing 
conditions.16 Since our data were obtained from a single 
crystal it is unlikely that the Mn2+ signal arises from any 
such spurious phase, though the large size difference may 
make Mn2+ difficult to accommodate in the lattice, and its 
association with lattice defects or an impurity phase cannot 
be ruled out. However, it should be noted that a large Mn2+ 

signal is not exhibited in the powder systems, as detailed 
below. Furthermore, the crystal was checked with x-ray Laue 
back reflection, which showed clear diffraction spots compa- 
rable to those shown in earlier work.11 

The data obtained at 4.2 K show that the apparent popu- 
lations of the magnetically ordered Mn states, as detected by 
NMR are in the ratio 0.545:0.45:0.005 for the 4 +, 3 +, and 
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FIG. 2. 55Mn NMR spin echo spectrum of Pr09Ca0 ,Mn03 single crystal at 
2.75 K, with a range of applied fields. 

2+ states, respectively. The nominal valence model would 
give an expected ratio of 0.1:0.9:0. The discrepancy is in- 
dicative of a large NMR enhancement of the Mn4+ signal, 
which may be due to domain wall enhancement arising from 
a preferential pinning of domain walls at the neighboring Ca 
dopant sites or may reflect the electron hopping dynamics. 
The rapid drop of the intensity of the Mn4+ line with applied 
field, as shown in Fig. 2, is consistent with removal of do- 
main wall enhancement effects. The greater spread of hyper- 
fine fields for the Mn3+ resonance compared with that of the 
Mn4+ line, shown in Fig. 2, is consistent with the presence of 
Jahn-Teller distortion about the Mn    ion ,6,8 

(a) Pr0.9Ca0.1MnO3 - single crystal 

(b) Pr0.9Ca0.1MnO3 - powder 

(c) Pr0.8Ca0.2MnO3 - powder 

(d) Pr0.6Ca0.3Sr0.1MnO3 
- powder 

290       310        330       350       370        390 
Resonance frequency / MHz 

410 

FIG. 3. 55Mn NMR spin echo spectra at 4.2 K of Mn4+ for 
Pr1_Ct+:),)CajSr:>.Mn03 with;y = 0 for (a) single crystal A x-0A, (b) powder 
B x = 0A, (c) powder x = 0.2, and (d) spectrum of Mn4+ for 
Pr06Cao3Sr0 ,Mn03 powder. 
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Pr0.6Ca(x)Sr(y)MnO3 
x+y=0.4, T=4.2K 
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FIG. 4. Low intensity part of 55Mn NMR spin echo spectra at 4.2 K for 
Pr,_u+j)Ca^Sr:l,Mn03 with x + y = 0A for (a) y = 0.1, (b) y = 0.2, (c) y 
= 0.3, and(d)y = 0.4. 

A single Mn3+/Mn4+ mixed-state line at around 380 
MHz has been observed in a range of other systems.17 This 
line arises from fast carrier hopping between the two Mn 
ions and therefore provides information about the ferromag- 
netic double-exchange mechanism. The absence of this line 
for Pr0 9Cao !Mn03 suggests that if a double-exchange pro- 
cess is responsible for the ferromagnetism in this system, the 
hopping time must be greater than the period of the Larmour 
precession of the Mn nuclear spins (~ 10~9 s). The unusual 
absence of this line is consistent with the low conductivity of 
the ferromagnetic ground state, and suggests that the ferro- 
magnetic ordering of the Pr sublattice (Tc = 30 K) may play 
a role in determining the low temperature magnetic structure 
of this system. 

In Fig. 2, it can be seen that the resonance frequencies of 
the Mn3+ and the Mn4+ decrease with applied field, whereas 
the resonance frequency of the Mn2+ increases. Mn2+ is an 
S-state ion, so the hyperfine field at the nucleus is dominated 
by the contact interaction due to the host electron spin, i.e., 
the hyperfine field is antiparallel to the Mn2+ moment. The 
increase in the Mn2+ resonance frequency in an applied field 
implies that the Mn2+ moment is antiferromagnetically 
coupled to the net magnetization. 

Figure 3 shows the Mn4+ spectrum, (a) from single crys- 
tal sample A, (b) from the powder sample B, and (c) from a 
powder   sample   Pr0 8Cao.2Mn03.   A   powder   sample   of 

Pr0 6Cao 3Sr0 ,Mn03, in Fig. 3(d) is also shown for compari- 
son. It can be seen that the peak frequency of samples A and 
B is similar, though the line B is broader because of the 
greater inhomogeneity in the powder system. We were un- 
able to detect any clear higher frequency resonance peaks 
from these powder samples, presumably because of this in- 
creased inhomogeneity. The shift in the peak indicates an 
increase in the magnitude of the field at the Mn nucleus as 
the Pr concentration is decreased, and may reflect an increase 
in mobility of the double exchange carrier between the Mn3+ 

and Mn4+ sites. The peak positions for the 
Pr1_(jt+3,)CaxSryMn03 samples with x+y = 0.4, produced as 
described by Lees et al.,3 Figs. 3(d) and 4, are all around 380 
MHz. This corresponds to an increase in the magnitude of 
the hyperfine field of about 3 T. As described above, the 380 
MHz signal can be ascribed to a mixed Mn3+/Mn4+ state 
where the carrier hopping time is shorter than ~ 10~9 s. 

Despite the changes in the physical properties of 
Pr1_(A:+>,)CaA.SrJ,Mn03 observed by Lees et al.,3 there is little 
change in the spectrum as the proportions of Ca and Sr are 
changed. Figure 4 shows the positions of the resonance lines 
for the Sr doped samples. Small peaks are observable at 
around 430 and 620 MHz, and are most well defined for the 
sample with the lowest Sr doping. The signals are extremely 
broad compared with the single crystal sample, and a distinct 
spin echo signal was observable across the whole range of 
frequencies shown in Fig. 4. 
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Anomalous low-field magnetization in La^Ca^A/InC^ near the critical point: 
Stable clusters? 
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The magnetic behavior of bulk La2/3Ca1/3Mn03 (Tc=267 K) at low fields in the paramagnetic 
phase was studied. Near TC(T- Tc<30 K) we find a sequence of steplike features in the effective 
Curie constant C(T) = M(T-TC)/H at well defined temperatures and intermediate plateaus, 
accompanied by temperature hysteresis. On approaching Tc, the C values at each plateau follow a 
geometrical progression, with the effective spin S doubled at each step. The first plateau gives 5 
= 5.5, corresponding to a cluster of three Mn3+ ions sharing one extra hole. This suggests that close 
to Tc short range magnetic order at low fields develops hierarchically through a series of most stable 
cluster states.   © 1998 American Institute of Physics. [S0021-8979(98)52311-0] 

I. INTRODUCTION 

The doped manganites Lrij-jA^MnC^ (where Ln and A 
are trivalent lanthanide and divalent alkali-earth, respec- 
tively) are of great interest now due to the colossal magne- 
toresistance effect (CMR).1 Although the basic mechanism 
for the onset of uniform ferromagnetism, the Zener's double 
exchange (DE) interaction, was recognized long ago,2 it does 
not provide a satisfactory description of the magnetic state 
close to the transition temperature Tc .3 It was already noted 
in the previous authors' work4 that certain features observed 
in the critical behavior of MR disagree with the classical 
concept of electron spin scattering by thermodynamic fluc- 
tuations of localized Mn spins. A possible explanation was 
proposed through coexistence of thermodynamic and static 
fluctuations, the latter being due to spontaneous formation of 
spin clusters by local DE in the random potential of chaoti- 
cally distributed dopants. Also it was evidenced5 that in these 
materials the magnetization per manganese atom M(T) at 
higher temperatures T (up to about three times Tc) and ap- 
plied field H does not follow the classical Curie-Weiss law 
Mcw= C/mB

2H/kB(T- Tc). In particular, the apparent Curie 
constant (for T- Tc up to ~ 100 K), obtained from the data 
of Ref. 5 on La2/3Ca1/3Mn03, is C«*11.4, much higher than 
the simple weighted sum C = *C3/2+(l -x)C2 of Brillouin 
contributions Cs=4/35(5+l) from Mn4+(S = 3/2) and 
Mn3+('S = 2); for x- 1/3 we have C = l. There is a general 

"'Electronic mail: vbamaral@fc.up.pt 

consensus about the relation of this effect to the formation of 
composite cluster spins,6'7 for instance, a spin-coupled pair 
of Mn4+ and Mn3+ will contribute C7/2=21 which is ^1.6 
times greater than the sum C3/2+C2 for two uncoupled 
spins, and such enhancement must be even stronger for 
greater clusters. The same data show that at sufficiently high 
temperatures the Curie-Weiss law with C<**C is restored 
(but with modified T'C>TC). This suggests that cluster for- 
mation is favored closer to the transition temperature. But, 
like the usual ferromagnetic transition, a strong enough ex- 
ternal field will suppress the critical spin fluctuations and 
spontaneous cluster structure can be smeared. In the present 
work we study the deviations from uniform paramagnetic 
behavior of La2/3Ca1/3Mn03 with approaching Tc, at as low 
applied fields as possible. Besides confirming the difference 
between the Curie constants close and far from Tc at fields 
ranging above some kOe, we found some essentially new 
effects close to Tc at fields below ~ 50 Oe. Particularly, a 
sequence of steplike features observed at well-defined tem- 
peratures and accompanied by temperature hysteresis sug- 
gests a discontinuous dynamics of spin clustering with pos- 
sible hierarchical structure. 

II. EXPERIMENT 

A bulk ceramic sample of composition Lao.^Cao 33Mn03 

was prepared by standard solid-state methods from oxides 
and carbonates, with three intermediate grindings and final 
sintering at 1300 °C for 50 h and very slow cooling to room 
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temperature within 20 h. Powder diffraction showed a single 
phase orthorhombic structure (Pbnm), and scanning electron 
microscopy revealed that the samples have very small poros- 
ity and 10 fim average grain size. High resolution electrical 
resistivity and magnetoresistance measurements confirmed 
the characteristic behavior of these ferromagnetic ceramics.8 

The low field magnetization of the sample was measured 
with a Quantum Design superconducting quantum interfer- 
ence device (SQUID) magnetometer. In order to reduce the 
effect of frozen magnetic fields in the superconducting coil 
and ensure a better field homogeneity, prior to these mea- 
surements the coil was heated to room temperature. During 
the measurement of these low field data, the maximum mag- 
netic field did not exceed 30 Oe. The measurements at con- 
stant magnetic field were taken on cooling the sample from 
high temperatures (320-380 K), down to 20 K and then on 
heating back to the initial temperature. On the first run, at 
1.36 Oe, a zero-field cooled curve was also measured. High 
temperature (300-1000 K) magnetic measurements were 
taken in an Oxford Instruments vibrating sample magneto- 
meter (VSM) with a constant applied field of 8 kOe. 

III. RESULTS AND DISCUSSION 

Well above Tc where the sample magnetization M{T) is 
small, we separated the paramagnetic term from the diamag- 
netic background by means of the derivative dMIdT to 
evaluate the function H^dMldT. For M = Mcw it should be 
linear in temperature: (T— Tc)l /xB^CHIkB, but from our 
measurements up to 1000 K this function is slightly nonlin- 
ear (Fig. 1). Hence, either C or Tc (or both) are not exactly 
constants, and therefore the effective cluster spin 5eff 

=3C/45— 1 (note that C is defined per one Mn spin, and the 
mean spin value 5=*3/2+(l —x)2= 11/6 provides C^C) 
and its coupling to neighbor spins (clusters) Je{{**>4Tc/C are 
temperature dependent. We found the experimental value of 
the Curie "function" C(T) to increase from ~C at T 
>800K to «14.8 at 300-350 K (from the two linear as- 
ymptotes far and close to Tc), in agreement with known 
data.6"8 The same C(T) value at 300 K is obtained with 
SQUID and VSM measurements. The hump at the 
orthorhombic-trigonal   structural   transition   ro_r«750K 

(shown in Fig. 1), can be explained by the increase of ex- 
change at shrinking lattice parameters. To our knowledge, 
this is the first report of the O-T transition through magnetic 
measurements. Resistivity measurements showing a kink at 
T0_T were reported in literature.9 

To understand the high-temperature behavior of C(T), 
we calculated the spectrum of spin states for the simplest 
cluster model of two Mn3+ atoms, sharing one extra hole 
with hopping amplitude t. Apart from the splitting between 
bonding and antibonding states, known already from the 
semiclassical approach,2 the spectrum is characterized by 
equal separation t/4 between levels which is not exactly 
equivalent to isotropic Heisenberg exchange. With decreas- 
ing temperature the calculated Curie function rapidly grows 
from the asymptotic value C3n+C3/2+Cy2, for fully inde- 
pendent components, to the limit C7/2 for the fully aligned 
cluster spin. 

Closer to Tc, where the diamagnetic contribution can be 
neglected, C(T) can be defined directly as M kB (T 
-Tc)/ßB

2H where Tc= 263.5 K fits best. For magnetic 
fields above 50 Oe, C(T) displays even faster growth, 
which can be associated with a rapid continuous increase 
of effective cluster spin 5eff. Similar behavior for 
(La1_J.TbJ.)2/3Ca1/3Mn03 was already reported.10 In addition 
to this, in lowest fields (<50 Oe) some discrete steplike fea- 
tures appear in the magnetization data. In Fig. 2 we show the 
inverse magnetization as a function of temperature. It is seen 
that between steps a Curie-like behavior is observed (lines). 
The Curie function C(T) is represented in Fig. 3 for several 
fields. Here these anomalies are more clear, with steps at 
well-defined temperatures and intermediate plateaus, and 
lower is the field better resolved are these features. This ef- 
fect is new and it shows that intrinsic short range magnetic 
order in the considered material develops through a series of 
more or less stable intermediate states (clusters). We plotted 
the logarithms of plateau heights of C{T) at different fixed 
fields and found them to grow almost linearly with the pla- 
teau number (n = 0,1,2,...) (Fig. 4). The case n = 0 is taken as 
the limiting value for independent spins measured at high 
temperatures: log Cstep(n) «*log C+ yn, with y«log(2.1 
±0.1). This can be interpreted as if the typical cluster spin 
5eff is doubled each time as the corresponding temperature 
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Tn is reached. The first plateau around Tx<=290 K with 
Ci^lS relates to Sef{

x5.5, which fits to a cluster of three 
Mn3+ ions sharing one extra hole, in coherence with the 
stoichiometric Mn3+/Mn4+ ratio. The consecutive plateaus 
around r2«=280 K, T3~276 K, r4~269 K, and r5~266 K 
(observed in fields down to 0.5 Oe) can correspond to con- 
densation of clusters with S^^ll, 22, 44, 88. 

It is noteworthy that neither the temperature intervals 
between the steps nor their stability against the applied field 
are equal. For instance, the feature at T3<*=>276 K (supposedly 
12 Mn3+ ions coupled by four extra holes) looks particularly 
stable. Also a considerable temperature hysteresis of magne- 
tization M{T), confined just to the range of steplike behav- 

ü 
TO 
O 

Lao.67Ca0.33Mn0 

low field 
measurements 

FIG. 4. Approximate linearity of logarithms of the plateau C values vs 
plateau number, indicating that these follow a geometrical progression, with 
the effective spin S doubled each time as a step occurs. The point for plateau 
0 is obtained at high temperatures. 

ior, suggests that the steps can be compared to a series of 
first kind phase transitions in the spin subsystem (inset to 
Fig. 3). 

The sequence of cluster states for this sample can consist 
of: a triplet of Mn3+ ions sharing one extra hole, in line, six 
Mn3+ ions sharing two extra holes, possibly in a 2X3 rect- 
angle, twelve Mn3+ ions sharing three extra holes possibly in 
a 2 X 2 X 3 paralelepiped (two cubes) and so on. The calcu- 
lation of the lowest energy level for clusters in a cubic lattice 
containing three Mn3+ ions for each hole in the double ex- 
change Hamiltonian gives the following values: Elt 
= -1.41, -1.71, -1.89, -2.06, -2.08, and -2.20 for the 
cases of 1, 2, 3, 4, 6, and 9 holes in a cluster. Some of these 
values were recently reported by Gehring and Coombes.11 It 
can be seen that the formation of clusters with more than 
four holes (12 ions) does not lead to a considerable energy 
reduction, while loosing in entropy. This may serve as an 
explanation for the above-indicated stability of the feature at 
r3«276K. 

For comparison, the same measurements were also done 
on a less doped sample of La0 75Cao 25Mn03. Here the effect 
of strong enhancement of the Curie constant and hysteresis at 
low fields are also observed close to the transition tempera- 
ture « 232 K, however, no clear fine structure was seen even 
at lowest fields. 
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Low field magnetotransport in La07Sr03MnO3 films 
B. S. Teo,a) N. D. Mathur, S. P. Isaac, J. E. Evetts, and M. G. Blamire 
Department of Materials Science, University of Cambridge, Pembroke Street, Cambridge CB2 3QZ, 
United Kingdom 

We have observed a strong correlation between the degree of epitaxy and the low field resistance 
versus field R(H) behavior in highly textured Lao.7Sr0 3Mn03 films grown by pulsed laser 
deposition on SrTi03 substrates. Highly epitaxial films show a small temperature dependent low 
field hysteretic R(H) peak near the magnetic ordering temperature (Tc), when the applied field is 
parallel to the transport current (J\\H). In contrast, films with reduced epitaxy show a much larger 
low field hysteretic R(H) behavior with a pronounced in-plane angular dependence. The magnitude 
of this response grows with decreasing temperature below Tc. Our data and analysis suggest that 
even low angle grain boundaries play a fundamental role in transport properties in colossal 
magnetoresistive materials.   © 1998 American Institute of Physics. [S0021-8979(98)26611-4] 

I. INTRODUCTION 

In recent years, much effort has concentrated on under- 
standing the magnetotransport properties of alkaline earth 
substituted perovskite manganese oxide La! _^A^Mn03 

(A=Ba, Sr, Ca, Pb, or vacancies).1'2 These doped lanthanum 
manganites with a perovskite structure exhibiting colossal 
magnetoresistance (CMR) in the vicinity of the ferromag- 
netic ordering temperature (Tc) with a large applied mag- 
netic field of the order of few Tesla. More recently, there 
have been a number of reports of a sensitive low field re- 
sponse in polycrystalline materials,3'4 heterostructures,5 and 
artificial grain boundaries.6 Resistance as a function of ap- 
plied field [R(H)] plots for these systems share the common 
features of a hysteretic low field peak structure, which is 
reminiscent of metallic spin valve or spin tunnel devices. It 
has been noted recently that similar, though smaller, low 
field peaks can also be observed in epitaxial thin films near 
the ferromagnetic ordering temperature Tc.

7 

In this article, we report the results of careful measure- 
ments on batches of films with varying degrees of epitaxy. 
At low temperatures, we observe an angular and field depen- 
dent resistance hysteresis in the samples with the lowest de- 
gree of epitaxy. This behavior is absent in the films with 
higher crystalline order. We attribute the phenomenon to the 
low angle grain boundaries in the material. We demonstrate 
that a recently developed model for grain boundary behavior 
is consistent with the results. 

II. EXPERIMENTAL DETAILS 

Lao 7Sr0 3Mn03 (LSMO) thin films were grown on (001) 
SrTi03 (STO) substrates by pulsed laser deposition at growth 
temperatures between 900 and 600 °C in an oxygen ambient 
of 15 Pa, and annealed in situ at the growth temperature in 
50 kPa of oxygen for 1 h. All films showed a single (001) 
growth direction and texture scans showed that in each case 
the film was aligned with the substrate crystal axes. X-ray 
rocking curves {6 scans) showed that films grown above 

a)l Electronic mail: bst21@cus.cam.ac.uk 

700 °C (designated type I films) had a full width at half 
maximum (FWHM) of 0.2-0.5°. In contrast, a broad FWHM 
of «2° was shown by the films grown at 600 °C (type II), 
indicating a significantly lower crystalline quality, implying 
the presence of a high density of low angle grain boundaries. 
The magnetization of the films was measured against tem- 
perature and field using a vibrating sample magnetometer 
(VSM) at temperatures down to 77 K. The low field transport 
properties of the samples were measured as a function of 
temperature, magnetic field, and in-plane angle between 
transport current and the applied magnetic field (9) using a 
standard four-point probe. The contacts to the film were 
made using spring-loaded "pogo" pins without patterning 
the sample so that subsequent magnetization measurement 
could be made to obtain meaningful comparisons of electri- 
cal and magnetic properties. 

III. RESULTS 

R(H) measurements of type II films (Fig. 1) show a 
large resistance hysteresis which is especially pronounced at 
low temperature, and diminishes as the temperature increases 
towards Tc. At higher fields, these samples show a highly 
linear variation of resistance with applied field which is a 
characteristic feature of data from both polycrystalline 
samples,4 and artificial grain boundaries.6 The large negative 
magnetoresistance (MR) [defined as MR=(i?res-/?max)/ 
Rmax, where 7?max is the maximum resistance and RTes is the 
resistance at H=0 extrapolated from high field slope] de- 
creases as temperature increases. By comparison type I films 
showed a small resistance hysteresis only near Tc. At 77 K, 
not only is the absolute resistance two orders of magnitude 
lower than for type II films, but the samples display an ex- 
tremely small positive MR when J±H (6=90°) as opposed 
to a negative MR in the 0=0 configuration (see inset to Fig. 
1). 

We show in Fig. 2 the angular dependence of the resis- 
tance for type II films as a function of 0 at various applied 
fields at 77 K, as measured during a series of field sweeps. 
While the resistances measured at H=0 and H=HC do not 
show a significant angular dependence, at an applied field of 
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FIG. 1. Resistance (R) vs in-plane applied field (H) at a series of tempera- 
tures for type II films. Inset shows the corresponding R(H) curve 
with the current parallel and perpendicular to the applied field for a type I 
film at 77 K. 

50 or 250 mT the resistance gradually increases with 6, 
reaching a maximum at 90° before decreasing back to a 
minimum at 180°. We have confirmed that this is not a 
simple demagnetization effect caused by the shape of the 
chip by repeating the measurement with the current at 90° to 
the original direction. 

Figure 3 shows the in-plane magnetization loop for both 
types I and II samples. The high field magnetization of the 
type II sample is both lower than in the case of the type I 
sample, and less square. This data appears to contradict that 
of Gupta et al? in which the high field magnetization for 
polycrystalline samples was found to be higher than for ep- 
itaxial films. However, in our measurements the high field 
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FIG. 2. Resistance vs angle (Ö) between current and field direction for a type 
II films at a series of applied fields at 77 K: ▼ peak maximum, 0 0 mT, ■ 
50 mT, and O 250 mT. The inset show the data for 50 and 250 mT replotted 
vs cos(#). 
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FIG. 3. Magnetic hysteresis loops measured at room temperature for types I 
and II films. 

differential susceptibility for the type II material is higher 
than it is for the type I samples which is consistent with a 
reduced magnetic order associated with the grain boundaries. 

IV. DISCUSSION 

The possibility that the low field MR can be an intrinsic 
effect due to domain wall scattering can be ruled out, since 
single crystal materials (like our type I samples) show an 
MR which vanishes as the temperature tends to zero. The 
finite MR at low temperature shown by type II samples is 
similar to that for truly polycrystalline films reported by Li 
et al} and Steenbeck et al.,9 and the linear high field re- 
sponse is similar to that reported by Hwang et al? The im- 
plication is therefore that even low angle grain boundaries 
can dramatically modify the transport properties of the CMR 
manganites. In our previous studies of bicrystal grain bound- 
ary devices,6 a phenomenological model10 based on the ex- 
istence of a region of depressed magnetic order induced by 
grain boundary was proposed to explain both the high field 
and the low field MR behavior. In this model the low tem- 
perature MR behavior in isolated grain boundaries is attrib- 
uted to structural disorder and strain at the grain boundaries, 
thus depressing the local magnetic order and so greatly re- 
ducing carrier mobility. 

Direct evidence for a reduction in magnetic order in type 
II samples is provided by the measured difference in the 
magnetization data between the two film types; the lowest 
high field magnetization is measured in the type II samples 
which contain the highest proportion of grain boundary ma- 
terial. This confirms that the spontaneous magnetization in 
the grain boundary regions is lower than it is within grains. 
The reduced squareness of the magnetization loop taken for 
the type II sample is consistent with the onset of the high 
field regime occurring at higher fields than it does during 
measurements of the type I samples. This finding is consis- 
tent with the existence of a magnetocrystalline anisotropy 
which has been reported to play a measurable role at low 
fields.7 

The main result of the model described in Ref. 10 is that 
the magnetoresistance of polycrystalline films can be ap- 
proximated as 

ARgb/R0= - 7(M2
0 + 2M0xgbfMe + 2MoXgbH), (1) 
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TABLE I. Summary of the data for a type II sample at four different measurement temperatures. i?90 and R0 are 
the resistance of the films for 0=90° and 0°, respectively, dR/dH is the high field change in resistance with 
applied field, Me is the magnetization deduced from Eq. (1) used the analysis in the text, and Mspont is the 
measured magnetization of the same film. 

Temperature 
(K) RgoOl) fio(ft) *max(ß) dRldH(ü mT_1) Me Mspont(mT) 

77 6275 6173 8163 0.670 152 148 
150 7014 6937 8062 0.517 149 140 
200 7161 7111 7751 0.357 140 124 
250 6654 6630 6893 0.239 100 113 
300 5530 5523 5603 0.132 53 81 

where Me is the saturation magnetization of the intragranular 
material, / is the fraction of Me applied to the grain bound- 
ary region (usually, but not necessarily the cosine of the 
angle between the direction of Me and the normal to the 
grain boundary), M0 is the spontaneous grain boundary mag- 
netization, and xgb is the differential susceptibility of the 
grain boundary. This model correctly predicts the linear high 
field magnetoresistance observed in both artificial grain 
boundary devices and poly crystalline material (see Fig. 1). 

The angular dependence observed in Fig. 3 is accounted 
for in this model by the variable /. In our films we expect a 
range of grain boundary orientations to be present; however, 
it is only grain boundaries which lie perpendicular to the 
current flow which are likely to contribute significantly to the 
resistivity, and consequently we can replace the angle be- 
tween the induced magnetization and the normal to the sig- 
nificant grain boundaries arccos(/) by the angle between the 
current and field (6). The inset of Fig. 2 shows that a plot of 
R at fixed field versus cos(0) is linear as predicted by Eq. (1). 

On the basis that f=cos(0), the difference in MR be- 
tween the 0=0° and 90° field configurations should be equal 
to 2 yMoXgbMe ■ The ratio between this quantity and the 
high field slope (dR/dH) should then be equal to Me. Table 
I shows data obtained from a type II film at a number of 
temperatures. The excellent agreement between the mea- 
sured magnetization and that inferred from the model pro- 
vides considerable support for this model. 

V. CONCLUSIONS 

The results presented here demonstrate that even highly 
textured CMR thin films can have magnetotransport proper- 

ties which are identical to fully polycrystalline samples. This 
highlights the significance of low angle grain boundaries in 
manganite perovskites, and places strict requirements for the 
growth of ideal CMR material on nonideal substrates. More 
positively, it demonstrates that control of the sample micro- 
structure allows the development of technologically desir- 
able low field properties in simple single layer films. 
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Magnetostriction \\\{H) and field-induced phase transitions were studied in the single crystal of 
La1_^.Sr^Mn03 (x = 0, 0.05, 0.1, and 0.175) in the pulsed magnetic fields up to 230 kOe. Anomalies 
in the \\\{H) curves were revealed at 200 kOe in the LaMn03, which were identified with the 
spin-reorientation AyFz—>AzFy in the magnetic field HWb axis. A complicated magnetostriction 
behavior was observed in La0 875Sr0175Mn03, related to the field-induced transition between 
orthorhombic and rhombohedral crystal structures. © 1998 American Institute of Physics. 
[S0021-8979(98)47011-7] 

Lanthanum manganites doped by the divalent ions Sr 
(Ca) attract a considerable recent attention due to an obser- 
vation of various interesting phenomena such as a giant 
negative magnetoresistance, magnetic, structural and metal- 
insulator phase transitions, a charge ordering.1-4 Various 
field induced magnetic and structural phase transitions are 
expected in these compounds. Magnetostriction may serve as 
a sensitive indicator of the change of magnetic and crystal 
structures. The recent finding of the field induced structural 
phase transition in Lag 83Sr017Mn03

3'5 indicates a strong cou- 
pling between the magnetic and crystal subsystems in these 
compounds. In this article we report on the magnetoelastic 
properties and field induced transitions in La!_xSrxMn03 in 
pulsed magnetic fields. 

Single crystals of La1_xSrxMn03 (x = 0, 0.05 0.1, and 
0.175) were grown by the floating zone method with radia- 
tion heating in an air atmosphere. X-ray powder diffraction 
measurements showed that grown crystals were of single 
phase; however, they had a twin structure. 

The magnetostriction was measured by a quartz sensor, 
stuck on the samples, in pulsed magnetic fields up to 230 
kOe at temperatures of 10-300 K. Magnetization M(T,H), 
ac magnetic susceptibility Xac(T) and resistance p(T) mea- 
surements were performed in the static magnetic fields H 
=£l2kOeatr=4.2-300K. 

LaMn03: It is known that ~L&X _^Sr,.Mn03 manganites 
have a distorted perovskite crystal structure, which under- 
goes a structural phase transition between a low-temperature 
orthorhombic phase and a high-temperature rhombohedral 
one.2'3'5'6 In the pure LaMn03 Mn3+ spins are ordered anti- 
ferromagnetically at TN*=> 140 K along b axis of the ortho- 
rhombic Pbmn crystal and a small spin canting takes place 
along c axis (magnetic layer structure of the AyFz type).7"9 

Our magnetic measurements have shown that there are 
four easy directions of a spontaneous magnetic moment in 

the studied LaMn03 crystals due to an existence of the twin 
structure in the samples. The easy axes lie approximately in 
the (110) and (1-10) planes of the orthorhombic crystal. 
There are six types of the twins with c axis along the (100) 
directions corresponding to the high temperature cubic cell.9 

Estimated values of the spontaneous magnetic moment and 
transverse susceptibility for the nontwin crystal at 7"= 78 K 
arem0 = 4.2±0.5emu/gand^ = (1.8±0.3)10-4 cm3/g, re- 
spectively. 

The measurements of the longitudinal magnetostriction 
A. II were carried out in the magnetic field H oriented along 
the b axis in one of the twins. The example of the \\\(H) 
curve for LaMn03 at T=29 K is shown in Fig. 1, where the 
apparent jump is observed at H—200 kOe on the background 
of the smooth increasing of the magnetostriction. We identi- 
fied this anomaly with the spin-reorientation phase transition 
from AyFz to AzFy magnetic configuration induced by the 
HWb axis in one of the twins. Recently an anomaly in the 
magnetization behavior of the LaMn03 was observed near 
the same magnetic field (H= 210 kOe) applied along b 
axis.10 The threshold field Hc of this transition may be de- 
termined analogously, to the corresponding transitions in 
orthoferrites: 

Hc— -HD + (HD + 2HAHE) 1/2 
(1) 

a)Electronic mail: popov@plml.phys.msu.su 

where #£ = M0/2x±=«330kOe, HD = m0/x_L~23kOe (at 
T= 78 K) are the isotropic and antisymmetric exchange 
fields, respectively, HA = Kcb /M0 is the effective anisotropy 
field in the be plane and Kcb is the corresponding anisotropy 
constant, M0/2 is the sublattice magnetization. Using the 
value of the antiferromagnetic resonance frequency for 
LaMn03

9'12 hü) = g/u,B(2HAHE)m~l7-l9 cm"1 at the T 
<50K, where /nB is the Bohr magneton and g«2 is a g 
tensor, we have estimated Hc as 180-200 kOe that is in good 
agreement with our experiment. We note the small contribu- 
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FIG.    3.    Magnetic    field    dependence    of   the    magnetostriction   in 
Lao9Sr01Mn03. 

tion of the antisymmetric exchange to the threshold field 
Hc[HD<(2HAHE)m] allows to consider the observed spin 
reorientation as a simple spin-flop transition. 

La095Sr005MnO3: In the case of small substitutions of 
the La3+ ions by the Sr2+ the magnetic structure remains of 
the AyFz type is evidenced by neutron scattering and mag- 
netic study of the LaoggSrg^MnC^.13 Our study of the prac- 
tically nontwin single crystal of the Lao 95Sr0.05MnO3 

con~ 
firms this conclusion. The corresponding magnetization 
curves presented in Fig. 2 show that the spontaneous mag- 
netic moment is along the c axis, the magnetic susceptibili- 
ties along a and c axes are practically equal to each other 

10        15 

H, kOe 

AzFy,  whose 

FIG. 2. Magnetization curves in Lao 95Sr0 05MnO3 along different crystallo- 
graphy axes (r=4.2 K). 

and determine the transverse susceptibility (XaxXc = X±)< 
and the susceptibility along b axis, determined by the rota- 
tion susceptibility (Xb***Xmt=mo/Kcb), is much greater than 
Xa,c ■ The large value of the ^rot is consistent with the no- 
ticeable increase (about 4 times) of the canting angle and 
decrease of the anisotropy constant Kcb as compare with the 
pure LaMn03. It implies also the decrease of the threshold 
field induced the spin-reorientation AyF. 
value is estimated as 35 kOe using Eq. (1) 

However, our measurements of the longitudinal magne- 
tostriction along b axis \\^\bb in the Lao95Sr005MnO3 (Fig- 
1) do not exhibit any anomaly in the \\\{H) curve near of the 
expected threshold magnetic field (~ 35 kOe) besides a 
weak bend observed at 100-150 kOe. The absence of the 
apparent anomaly in the \\\(H) curve of the Lag 95Sr0 05MnO3 

may be due to a smooth character of the AyFz-^AzFy spin 
reorientation which occurs through the angular AyAzFzFy 

phase in contrast to the practically abrupt transition in pure 
LaMn03. In this case we cannot exclude a more crucial role 
of the twin structure in a mask of the smooth spin reorienta- 
tion in the Lao 95Sr0 05MnO3 sample, destined for the magne- 
tostriction measurements. 

La09Sr0]MnO3: For the Lao 9Sr0 iMn03 composition, 
which already exhibits the ferromagnetic ordering (Tc 

* 165-170 K), we observed unusual behavior of the longi- 
tudinal magnetostriction near Tc (Fig. 3). The magnetostric- 
tion had no anomalies at the low temperatures (10-130 K) 
and reached only the saturation value about (2-3)X10"5. 
However, a weak jump aroused near 50 kOe at T= 139 K, 
which was transformed at 150 K to the strong anomaly near 
80 kOe accompanied by increasing the magnetostriction up 
to one order of the magnitude. With the further temperature 
increasing, the magnetostriction changed a sign in the weak 
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magnetic fields, but the positive jump in the higher field 
remained up to Tc despite its amplitude being reduced (see 
curves at 160 and 166 K at Fig. 3). 

Such complicated behavior of the magnetostriction near 
Tc may be associated with field induced magnetic and struc- 
tural phase transitions. According to the neutron scattering 
studies14'15 an antiferromagnetic ordering as well as a struc- 
tural transition related to a polaron ordering takes place in 
Lao9Sr0iMn03 below Tc which implies a possibility of the 
magnetic field effect on these transitions. 

La0825S0175MnO3: The strong effect of magnetic field on 
the phase transitions between orthorhombic and rhombohe- 
dral crystal structures was observed in the La^Sro 17Mn03, 
where the structural transition temperature Ts, close to Tc, 
was decreased from 280 K at H=0 down to 220 K at H 
= 70kOe.3'5 However, in the case of x = 0.16 and 0.18 the 
rs's remained almost unchanged since there was a consider- 
able difference between corresponding Ts and Tc.

5 The 
mechanism of the transition is connected with a lower value 
of the magnetization in the orthorhombic phase then in the 
rhombohedral one. 

We studied the composition with * = 0.175, where, ac- 
cording to our magnetic measurements (Fig. 4), 7,

c
ss285 and 

Ts** 160-190 K. Figure 5 shows the dependence of the lon- 
gitudinal magnetostriction versus the magnetic field at sev- 
eral temperatures. At the low temperatures (T<182K) the 
magnetostriction behaved in ordinary manner without 
anomalies (curve at 150 K), while near the Ts the magneto- 
striction increased rapidly after reaching a threshold value 
(curves at 182 and 194 K), which we identify with field- 
induced structural transition. We note the strong hysteretic 
phenomena accompanying the transition, so that the crystal 
does not remain in the initial state after removing the mag- 
netic field. We cannot exclude additional relaxation effects in 
the related phenomena considering the measurements in the 
pulsed magnetic fields. 
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FIG.    5.    Magnetic    field    dependence    of   the    magnetostriction    in 
Lao.825Sro.i75Mn03. 

In conclusion, we have studied the magnetostriction in 
La! _j.Srj.MnO3 in the strong pulsed magnetic fields and 
demonstrated its sensitivity to the field induced spin reorien- 
tation and structural phase transition, observed in LaMn03 

and Lao 825Sr0175Mn03, respectively. 
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We present magnetic-, resistivity-, and specific-heat measurements of the title compounds and found 
that in Eu0 7Sr0 3Mn03 an insulator-metal transition can be induced by an external field below 60 K 
while EuojCag 3Mn03 remains insulating. EuMn03 exhibits two magnetic transitions at 35 and 47 
K which are associated with the appearance of a weak ferromagnetic component and 
antiferromagnetic ordering. With respect to the parent compound, Ca and Sr substitution enhance 
the ferromagnetic component significantly, however, for low fields and after zero-field cooling the 
antiferromagnetic ground state is preserved to a large extent. © 1998 American Institute of 
Physics. [S0021-8979(98)26711-9] 

I. INTRODUCTION 

Rare earth manganite perovskites R1_^AA:Mn03+s 

(R=rare earth elements, A=Ca, Sr, Ba, Pb) show colossal 
magnetoresistance and attracted renewed attention not only 
due to their potential applications but also because of their 
rich physical properties (for a review see, e.g., Ramirez1 and 
references therein). Since most of the works were devoted to 
La and Pr based manganites it is the aim of this article to 
study the properties of Eu0 7A0 3Mn03 where Eu is suggested 
to be trivalent and thus exhibits a nonmagnetic groundstate 
(/=0) and a smaller ionic radius than La+3. 

II. EXPERIMENTAL DETAILS AND STRUCTURAL 
CHARACTERIZATION 

Ceramic samples of the title compounds were synthe- 
sized from Eu203, Mn02, SrC03 and CaC03 of high purity 
by sintering at temperatures 900-1100 °C for 24 h. The re- 
sulting powders were reground and annealed in air at 
1300 °C for 12 h. As follows from x-ray analysis the samples 
have distorted perovskite structure and contained less than 
5% impurity phases. Resistivity was measured by four-point 
technique by a Keithley-182 nanovoltmeter with 10 GO, in- 
put impedance; contacts were made by ultrasonic soldering 

with indium, ac susceptibility and dc magnetization were 
measured by a conventional lock-in technique and by a su- 
perconducting quantum interferometer device (SQUID) mag- 
netometer, respectively. Heat capacity measurements were 
carried out by a quasiadiabatic step heating technique in 
fields up to 11 T. The valence state of Eu ions at room 
temperature was estimated by x-ray photoelectron spectros- 
copy (XPS) using the ESCALAB-5 electron spectrometer 
and twin anode Al/Mg source. Clean surfaces of EuMn03 

were obtained by cleavage in situ in UHV and/or by ion 
bombardment. Electronic structure and binding energies of 
the Eu 4/ spectra of EuMn03 were compared with divalent 
and trivalent oxides of Eu and found to be very close to the 
trivalent oxide Eu203. The lattice parameters and structural 
data are collected in Table I. 

III. RESULTS AND DISCUSSION 

Shown in Fig. 1(a), b is the specific heat and ac suscep- 
tibility of EuMn03 and the substituted compounds. For the 
parent EuMn03 compound both measurements exhibit a 
double peak at 47 and 35 K. The former corresponds to the 
antiferromagnetic (AF) ordering while the anomaly at 35 K 
is attributed to the evolution of a weak ferromagnetic (FM) 
component which we derive from the dc magnetization at 
various external fields in Fig. 2. For clarity we present in 

TABLE I. The structures and lattice parameters of the title compounds . The error is given in rackets. 

Structure a (A) *(A) C(A) r V(A3) 

EuMn03 

Eu0.7Sr03MnO3 

Euo.7Cao.3Mn03 

Orthorhombic 
Orthorhombic 
Monoclinic 

5.336(2) 
5.436(3) 
5.376(2) 

5.833(2) 
5.458(3) 
5.516(3) 

7.456(3) 
7.666(2) 
7.553(2) 

90.0 
90.0 
89.71(3) 

232.1(3) 
227.5(3) 
224.0(3) 

"'Electronic mail: herwig@xphys.tuwien.ac.at 
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FIG. 1. The specific heat, CpIT vs T, (a) and the real part of the ac sus- 
ceptibility in a semilogarithmic scale (b) of EuMn03, Eu0 7Sr0 3Mn03, and 
Eu07Cao3Mn03. 

Fig. 2 only the magnetization measurement after zero-field 
cooling (ZFC) for /x0H^0A T but both the field cooled (FC) 
and ZFC magnetization for 10 mT. The AF ordering tem- 
perature is in agreement with the early report on EuMn03 by 
Pauthenet and Veyret2 (45 K) and that of Troyanchuk et al? 
for EuMn03 02 (40 K) who also showed that with growing 
oxygen deficiency TN moves to higher temperatures. In the 
dc magnetization TN is not as clearly seen as in the specific 
heat and ac susceptibility data but coincides with the disap- 
pearance of the irreversibility between the ZFC and FC 

"WWVWWTI 

0        10      20      30      40      50      60      70      80      90     100 

T (K) 

FIG. 2. The temperature-dependent magnetization of EuMn03 measured 
after zero-field cooling (ZFC) for /i0Hs*0.l T and both the field cooled 
(FC) and ZFC magnetization data for 10 mT. 

EU0.7Sr0.3MnO3 

100        120        140 

T (K) 

FIG. 3. The temperature-dependent magnetization of Eu07Sr03MnO3 mea- 
sured after zero-field cooling (ZFC) for /i0//s0.1T and both the field 
cooled (FC) and ZFC magnetization data for 10 mT. 

branch of the magnetization. The occurrence of a weak FM 
component is associated with a thermal hysteresis of the field 
cooled magnetization for cooling and warming. In the ZFC 
magnetization a maximum occurs at 35 K which is broad- 
ened and washed out with growing external fields. This is 
consistent with the specific heat data where the AF ordering 
temperature remains nearly unchanged while the 35 K 
anomaly is washed out and entropy is transferred to higher 
temperatures as the external field is raised. Furthermore a 
metamagnetic transition into a weak FM state is observed at 
about 3 T at 2 K concomitant with the occurrence of a rem- 
anent magnetization of about 3 Am2/kg after a linear de- 
crease of M(H) from a value of 11.9 Am2/kg at 6 T. This 
together with the above findings indicates a more complex 
AF ordering than in LaMn03 where FM sheets are coupled 
antiferromagnetically. Nevertheless, we assume for EuMn03 

basically a similar AF coupling since in the low temperature 
specific heat a dominant T2 term is present over a wide tem- 
perature range and is clearly seen as the linear temperature 
dependence in the Cp/T versus T plot in Fig. 1(a). The heat 
capacity of EuMn03 can well be described in the tempera- 
ture regime from 2 to 20 K with the Debye function (yielding 
a Debye temperature ®D = 470 K) and a T2 term with a co- 
efficient of 10 mJ/mol K4 but without the necessity to in- 
clude a yT term. The T2 term is also observed in the layered 
antiferromagnet LaMn03 and is supposed to arise from a 
linear and quadratic spin wave dispersion corresponding to 
linear AF and planar FM excitations.4 

For the Sr and Ca substituted samples a FM contribution, 
which is far from the full Mn moment, dominates the mag- 
netization process but for low fields and for zero-field cool- 
ing the AF coupling is preserved to a large extent. As shown 
in Fig. 3 the shape of the M(T) curves for ZFC and FC is 
similar to that of the parent compound. However, the "spon- 
taneous moment'' extrapolated from high fields of the Arrott 
plots in Fig. 4 is 1.45 /mB/f.u. (1.55 yu,B/f.u.) and the moment 
at 6 T and 2 K amounts to 2.17 ,uB/f.u. (2.7 /xB/f.u.) for 
Eu07Cao3Mn03 (Eu07Sr03MnO3). A metamagnetic transi- 
tion is clearly visible in the Arrott plot for 2 K at a field of 
0.2 T which is reduced with rising temperatures. Both the 
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FIG. 5. The resistivity, p(T), of Eu07Sr0.3MnO3 for various fields as la- 
beled. 

small value of the ZFC magnetization in low fields and the 
metamagnetic transition provide strong indication of the ba- 
sically AF ground state of the Sr and Ca doped compounds 
with x = 0.3 at low fields. The FM ordering temperature de- 
duced from the high field regime of the Arrott plot is 74 and 
62 K for Eu07Cao3Mn03 and Eu0 7Sr0 3Mn03, respectively. 
Note the low field data of the isotherm at 60 K indicate 
already paramagnetism although a hysteresis opens at higher 
fields yielding a small but finite remanent magnetization. Tc 

of the Sr doped sample coincides with the maximum of the 
ac susceptibility (63 K) while for the Ca doped sample the 
shoulder of A^fD at about 75 K can be correlated with Tc 

but a maximum of x&c(T) occurs at significantly lower tem- 
peratures (47 K). While the absence of a specific heat 
anomaly at Tc remains unresolved for the Ca and Sr substi- 
tuted samples the significant change of the low temperature 
heat capacity is obvious. A broad Schottky anomaly which 
presumably arises from higher multiplets of Eu+3 makes it 
impossible to disentangle the lattice contribution from a pos- 
sibly small yT term, however, the dominant spin-wave T2 

term of the parent compound is diminished upon Ca or Sr 
substitution. The appearance of a broad Schottky term is in 
line with an increase of the effective moment deduced from 
the high temperature susceptibility: EuMn03 fj,tf{ 

=5.3 /tiB/f.u.; Eu07Cao3Mn03 /xef{=5.9 fiB/f.u.; 
Eu07Sr03MnO3 ytieff=6.8 /tB/f.u. 

Both the Ca and Sr doped samples remain insulating in 
zero-field down to 50 K where the resistance exceeds the 
value to be measured with the present set up. However, with 
an external field the metal insulator transition can be induced 
for Eu07Sr03MnO3 below 60 K (see Fig. 5) while for 
Eu0.7Cao 3Mn03 a field of 11 T is not sufficient to induce the 
metallic state. This is in line with the magnetic data showing 
that even the doped compounds with x = 0.3 exhibit basically 
an AF ground state and ferromagnetism can be induced by 
an external field. Thus, these samples fit to the general phase 
diagram proposed by Hwang et al.5 where Eu0 7Sr0 3Mn03 is 
situated on the verge of the FM insulator to a FM metal 
while Eu07Cao3Mn03 with the smaller tolerance factor re- 
mains insulating. 
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Magnetization and resistivity of Cr02 powders and oriented Cr02 films on different Ti02 

single-crystal substrates are reported, and the low-temperature specific heat is measured on powders. 
The M{T) data follow a Bloch T312 law, with no sign of a spin-wave gap. The residual resistivity 
depends strongly on film texture, but a T2 temperature dependence of the resistivity is found in all 
samples above a cut-off temperature of the order of 70 K. The behavior is attributed to 
electron-magnon spin-flip scattering which is suppressed at low temperature in a half-metallic 
ferromagnet.   © 1998 American Institute of Physics. [S0021-8979(98)44911-9] 

I. INTRODUCTION 

Cr02 is a unique ferromagnet. It is a metallic oxide 
which crystallizes in the rutile (Ti02) structure. The Cr ions, 
which are octahedrally coordinated by oxygen, have a formal 
4+ valence state and an electronic configuration [Ar]3d2. 
The two d electrons occupy spin split t2g subbands. Numer- 
ous electronic band structure calculations predict "half- 
metallic' ' ferromagnetism with complete spin polarization of 
the 3d electrons at and below the Fermi level.1-4 One t2g\ 
electron is localized in a narrow xy band while the other is 
itinerant in a half-filled band of yz + zx character. The Fermi 
level falls in a deep dip in the density of states at the center 
of this band; the empty J, states are «1 eV higher in 
energy.3'4 The tendency toward gap formation has been con- 
firmed by photoemission measurements.5 The dip in the den- 
sity of states in the middle of the half-filled band suggests 
that Cr02 is close to a Mott-Hubbard transition. Like mixed- 
valence manganates having the perovskite structure, the fer- 
romagnetic order of Cr02 is mainly due to itinerant d elec- 
trons moving among localized ion cores4 (S = 1/2 for Cr02, 
5=3/2 for manganites). 

Here we discuss magnetic, thermal, and transport prop- 
erties of Cr02 and present evidence for a gap in the excita- 
tion spectrum for spin-flip electron scattering. 

II. EXPERIMENTAL METHODS AND RESULTS 

Cr02 films, 0.5-2 fim in thickness, have been prepared 
by the thermal decomposition of Cr03 under high oxygen 
pressure onto oriented Ti02 substrates.6 X-ray diffraction 
showed that the films are single phase, and grazing incidence 
diffraction indicated that they grow epitaxially. Atomic force 
microscopy (AFM) pictures reveal that Cr02 films on 
TiO2(100) and (110) have an acicular (needlelike) structure 
with grains of *» 50 ^-m length oriented with their axes in the 
plane of the substrate. On TiO2(001), the textured Cr02 

films have the needle axis normal to the plane, resulting in 
the appearance of grains with circular cross sections of 1 -5 
/Am in diameter (Fig. 1). 

The resistivity of Cr02 films having a (100), (110), or 
(001) texture have been measured in the temperature range 
5-300 K using a four-probe technique. The results are 
shown in Fig. 2. The residual resistivity is quite different for 
the three samples. The film with its c axis perpendicular to 
the plane of the film has the highest residual resistivity, due 
to the greater number of grain boundaries compared to those 
films with their c axis in plane. The grain boundary resistiv- 
ity for the (001) film is estimated from the size of the crystals 
(*=3 /am) tobe rgb^5X 10~10 Cl m2, which is similar to the 
value found in manganites.7 The (001) film shows a low-field 
magnetoresistance similar to that of Cr02 powder compacts8 

and two-phase films9 as well as polycrystalline manganite 
films10 and ceramics.11 Consistent fits to the resistivity could 
not be obtained with a normal expression in powers of T that 

O.Oum 70.0\im 

"'Electronic mail: barrya@tcd.ie FIG. 1. AFM pictures of Cr02 films on Ti02 (a) (100) and (b) (001). 
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FIG. 2. Resistivity curves for Cr02 films grown on TiO2(100), (110), and 
(001). The solid lines are the fits to Eq. (1). 
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FIG. 3. M(T) for a Cr02 powder showing Tm behavior. 

was used in Ref. 6. Superior fits over the full range of tem- 
perature were obtained with 

p(T) = Po+aT2exV(-A/T), (1) 

parameters p0 a, and A are listed in Table I. At low tempera- 
tures, the films with few grain boundaries are fairly good 
metals, with a residual resistivity below 10 /ut£l cm, which 
barely changes up to about 70 K. However, at room tempera- 
ture and above, Cr02 becomes a poor metal, with a resistiv- 
ity that exceeds the Ioffe-Regel limit.3'12 A change in the 
slope of p{T) occurs at Tc but the derivative dp/dT remains 
positive.6 

Magnetic measurements were carried out using extrac- 
tion or vibrating sample magnetometers on commercial ac- 
icular powder and on a Cr02 powder obtained by decompos- 
ing Cr03 in a high-pressure reactor vessel. The latter 
contained Cr205 impurities. Arrott plots in the temperature 
range 300-520 K gave a Curie temperature of 396(6) K. The 
magnetization measured in a field of 1 T was found to follow 
the Bloch T3'2 law (Fig. 3): 

M(T) = M(0)(l-BTm), (2) 

with B = 3.4X 10"5 KT3/2. The spin-wave stiffness constant 
D estimated from B is approximately 150 meV Ä2.13 Any 
gap in the ferromagnetic dispersion relation is estimated 
from the data of Fig. 4 to be less than 5 K. Measurements of 
magnetocrystalline anisotropy14 show it is of the order of 0.1 
K. 

TABLE I. Parameters from fits of the resistivity of Cr02 films to Eq. (1). 

Resistivity 
Po 

(/uil m) 
a 

(ß fiK'2) 
A 

(K) 

100 
110 
001 

1.23 
0.07 
7.07 

359X10"12 

41X10"12 

480X10"12 

73 
80 
73 

Specific heat as a function of temperature has been mea- 
sured on the commercial powder in the range 2-40 K (Fig. 
4). We fit the data below 15 K to the expression 

C=yT+ßT3 + aT ■3/2 (3) 

where the electronic specific heat coefficient y 
= 5.1(9) mJ/mol K2 corresponds to a density of states at the 
Fermi level of 2.2 states/eV. This may be compared with a 
calculated value of 0.69 states/eV.3 The value of ß, 
0.028 mJ/mol K4, corresponds to a Debye temperature of 
593 K. The third term is associated with spin-wave excita- 
tions. The value of a, 1.9 mJ/molK5/2 corresponds to D 
= 60meVÄ2. 

0.02 

Id  0.015 

© 
a 

0.01 

0.005 

i i i i i i i i i i I i i i i i i i i i 

i i i i i i i i i 
1 ' ■ ■ ■ i ■ i i i  

50 100 150 

jr(K') 

FIG. 4. C/T vs T2 for pressed Cr02 powder. The solid line is the fit to 
Eq. (3). 
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III. DISCUSSION 

At temperatures below about 100 K, we have seen that 
Cr02 is intrinsically a fairly good metal, with a residual re- 
sistivity of a few /J£1 cm. The films with resistivity consid- 
erably higher than this have a distinct granular structure. The 
value of the electronic specific heat coefficient y is similar to 
that of iron (which has approximately two holes in the 3 c? 
band), but the difference between the density of states at the 
Fermi level inferred from y and the value calculated by 
Lewis et dl? shows that the effective mass in the oxide 
m* = 3.2m. The calculations also show that the Fermi sur- 
face area in Cr02 is small, which is to be expected if it is just 
on the metallic side of the Mott transition. 

It is remarkable to see how the good metal changes into 
a poor one on approaching Tc. The temperature dependence 
of the resistivity is characteristic of spin-disorder scattering. 
Although there are several other possible origins of a T2 

temperature dependence, electron-magnon scattering is the 
most likely in the present case since the compound is a fer- 
romagnet. Electron-magnon scattering has recently been es- 
tablished as the dominant scattering process in ferromagnetic 
manganites.15 The ineffectiveness of the scattering mecha- 
nism below 100 K is not related to any gap in the magnon 
spectrum, since neither magnetization, specific heat, nor an- 
isotropy show any evidence of a gap of this magnitude. It 
must, rather, be associated with the electronic structure of 
Cr02. Electron-magnon scattering is a spin-flip process, and 
spin-flip scattering is impossible at low temperature in a half- 
metallic ferromagnet because the nearest available j states to 
scatter into are well above the Fermi level.16 The problem is 
how to relate the spin-polarized density of states to spin dis- 
order. In fact, spin polarization must persist on a local scale 
even at temperatures above Tc since the susceptibility fol- 
lows a Curie-Weiss law.14 The relation kT=Dq2~ 
= 4TT

2
D/XT defines the minimum wavelength XT of mag- 

nons excited at a temperature T. The significance of the gap 
A = 80K may be that \A*«30Ä is the critical wavelength 
where spin-flip scattering becomes important. An electron 
which travels this distance finds j. states available on sites 
where there is locally a maximum spin deviation associated 
with the spin wave, and it can therefore undergo a spin-flip 
scattering process there with absorption or emission of a 
magnon. The distance XA is determined by the nonspin-flip 
scattering processes. This concept is illustrated in Fig. 5. 

The poor metal at room temperature and above, where 
the mean free path is comparable to the interatomic spacing, 
may be understood in terms of Mott-Hubbard localization in 
the half-metallic system. This arises when the bandwidth W 
= 2zt<U, where z is the coordination number, t the inter- 
atomic transfer integral, and U the on-site Coulomb repul- 
sion. At temperatures near and above Tc, any site will have 
a fluctuating number z' of neighbors with reversed spins to 

FIG. 5. Spin-flip scattering in a half-metallic ferromagnet is ineffective at 
temperatures where the nonspin-flip mean free path \JT is less than the 
shortest magnon wavelength \T (left), but it is dominant when \^>XT. 

which transfer is forbidden, so the effective bandwidth is 
reduced by a factor (z-z')/z. Conduction is possible only 
when a local fluctuation of the spins of an atom relative to its 
neighbors to all parallel makes the system locally metallic. 
At any instant, the number of 3d electrons which are delo- 
calized and available to conduct is reduced to a fraction of 
the number of sites. Since spin-disorder resistivity is in- 
versely proportional to the electron density, values well in 
excess of the typical Ioffe-Regel limit, 150 /u£l cm, can 
arise. 
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The effect of low Fe substitution in Mn sites of L^ 8Sr0 2Mn03 is presented. We report the electrical 
and magnetic properties of these materials in the Fe concentration range x = 0 to x = 0.1. The 
metal-insulator transition temperature is found to vary significantly with very small Fe doping. The 
metal to insulator transition temperature increases slightly when a very small amount of Fe is doped 
(<1%) and then it decreases significantly with further doping of Fe. The magnetic moment of 
Lao 8Sr0 2Mn03 decreases almost linearly with Fe doping at room temperature. © 1998 American 
Institute of Physics. [S0021-8979(98)26811-3] 

I. INTRODUCTION 

Giant magnetoresistance (GMR) effect shown on the 
perovskite oxide materials has attracted alot of research in- 
terest. The metal-insulating transition temperature (rtt) is 
known to be dependent on the Mn-O-Mn bond angle and 
bond length. Double exchange1"3 has been used to explain 
qualitatively the transport phenomena as well the magnetic 
ordering observed in these perovskite oxides. The insulating 
material LaMn03 when doped with divalent ions such as Ca, 
Sr, Ba, Pb, etc. causes a conversion of proportional number 
of Mn3+ to Mn4+. The electron hopping between the mixed 
Mn valence states then causes ferromagnetic ordering and 
metallic conduction in these systems.2 

Up to date, much exploration of the GMR perovskite 
materials has been done through doping of La sites with rare 
earths (Y, Nd, Pr, etc.) of different sizes, which brings strong 
lattice effects thus influencing the double exchange.4'5 How- 
ever, very few studies have been carried6"8 out to observe 
the effects of transition metal ion doping on Mn sites, which 
will bring out the changes in electronic structure thus influ- 
encing double exchange. Effect of large doping of Fe 
(>i0%) on Lao8A^Mn03 (where A=Sr, Ca, Ba, Pb) sys- 
tems and its magnetic ordering has been reported earlier by 
Banks et aÜ However, the effect of lower Fe doping 
(< 10%) has not been reported on a systematic study. In this 
article we report the effect of low Fe(< 10%) doping on Mn 
sites of Lao 8Sr0 2Mn03 system. 

II. EXPERIMENTAL DETAILS 

The samples were prepared by the conventional solid 
state technique by taking Fe203, MnC204, SrC03, and 
La203 in appropriate stoichiometric proportion as the starting 
material. These powders were milled and calcined at 900 °C. 

"'Electronic mail: antony@niharika.phy.iitb.ernet.in 

The calcined powder was remilled and the compacts were 
sintered at 1300 °C in air for 6 h. The fired samples were 
characterized by x-ray diffraction, with a-Al203 used as the 
internal standard. Resistivity studies were carried out on 2- 
mm-thick rectangular samples. Resistivity measurements 
were carried out for all the samples in the temperature range 
from 15 to 473 K by conventional four-probes method. In the 
range 15-300 K a closed cycle refrigerator was employed to 
cool the sample and for high temperature studies (room tem- 
perature to 473 K) a variable temperature oil bath was used. 
Room temperature magnetization studies were carried out by 
using a vibrating sample magnetometer (VSM) setup with a 
maximum field of 0.4 T. 

III. RESULTS AND DISCUSSION 

The x-ray diffraction (XRD) spectra of samples with ex- 
treme concentration of Fe (x = 0, 0.1) are shown in Fig. 1. It 
is clearly seen from the figure that both the samples shows 
similar XRD pattern. XRD spectra for all the other samples 
between these concentrations are also found to be similar. 
The XRD spectra were indexed by assuming a pseudocubic 
structure. The lattice constants were found to be 3.8790 and 
3.8811 Ä for x = Q and x = 0.1, respectively. The studies of 
Fe doping on Ca containing LaMn03 systems (> 10% )7 also 
does not show any changes in the lattice parameter. Studies 
by Jian et a/.8 also showed that the lattice parameter of 
Lao.67Cao 33Mn! _^Fex03 remains nearly identical, i.e., 
3.8571 Ä forx = 0.0 and 3.8561 Ä forx = 0.1. This indicates 
that the doping of Fe has hardly any influence on lattice 
parameter. This could be because of the identical ionic 
sizes10 of Fe3+ and Mn3+. 

In Fig. 2 the variation of normalized resistance with tem- 
perature is shown. All the samples show a metal-insulator 
transition temperature. At low temperature, for all the 
samples, the resistance curve tends to flatten out. Transition 
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FIG. 1. XRD spectra for the samples La08Sr02Mn1_xFe^O3 with x = 0 and 
0.1. 

temperature is found to be strongly dependent of the Fe dop- 
ing even at low concentrations. 

For the parent sample, i.e., Lag 8Sr0 2Mn03 the transition 
temperature is found to be 350 K which is agreeing with the 
reported values for the Sr composition 0.2." Transition tem- 
perature Ttr increases when doped with small amount of Fe 
(«0.005) and then it decreases systematically with the ad- 
dition of Fe content and for x = 0.1, transition temperature 
was found to be «260 K. Recently Ahn et al.1 showed that 
in the Ca containing LaMn03 system both in the ferromag- 
netic as well as the antiferromagnetic region the transition 
temperature is varying with respect to the Fe doping 
(>10%). In the ferromagnetic region transition temperature 
decreases with increase in Fe concentration. The decrease in 
the transition temperature with Fe doping could be due to the 
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FIG. 2. Temperature dependence of normalized resistance for Fe doped 
samples La0SSr02Mnj_JFeJO3, 0<*<0.1. 
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FIG. 3. Variation of magnetic moment with different concentration of Fe in 
La0.gSr0.2Mn,.^.,03, 0<x<0.1. 

replacement of Fe3+ on Mn3+ thus reducing the double ex- 
change interaction. 

Magnetization studies on these systems indicates the fer- 
romagnetic nature of the samples. The variation of magnetic 
moment of the sample with Fe concentration at room tem- 
perature is shown in Fig. 3. With the Fe doping the magnetic 
moment of the sample decreases. The magnetic moment de- 
creases almost linearly with the Fe doping. Magnetic mo- 
ment decreased from 2.52 to 0.2 fiB for x = 0 and x = 0.1, 
respectively. In the case of Ca containing systems7 the de- 
crease of magnetic moment is found to be from 3.2 to 2//,B 

forx = 0 tox = 0.1 at 5 K. 

IV. CONCLUSION 

The lattice parameter of Lao 8Sr0 2Mn03 does not change 
with Fe concentration. Metal-insulator transition temperature 
was found to increase at a very low concentration of Fe 
(<1%) and decreases with further addition of Fe. Magnetic 
moment of the samples decreases sharply even at very low 
concentration of Fe. 
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The magnetic and magnetoresistive properties of the Ln07Pb03Mn1_A.Fe^O3 (Ln=La, Nd, and x 
= 0, 0.1) perovskites, prepared by the solgel low temperature method, have been studied. In all cases 
the exact stoichiometry is different from the nominal one probably due to the presence of cation 
vacancies. All the phases exhibit ferromagnetic behavior with Tc values ranging form 345 K 
observed for Lao 7Pb0 3Mn03

10 75 K for Nd0 7Pb0 3Mn0 9Fe0A03. The 10% Fe contribution lowers 
the Tc by about 130 K in the La compound and 90 K in the Nd one. These results can be interpreted 
in terms of antiferromagnetic coupling between Mn and Fe. However, the influence of the Nd ions 
is not well known although it seems not ordered down to 10 K. The magnetoresistence [MR 
= AR/R(0)] measured at 6 T in pellets of pressed powder reaches values of about 80% around the 
magnetic transition.   © 1998 American Institute of Physics. [S0021-8979(98)52411-5] 

I. INTRODUCTION 

During the last years the hole-doped perovskite 
Aj^A^MnC^ type compounds (A=La3+, Sm3+, Pr3+, 
Nd3+,..., A'=Ca2+, Pb2+, Sr2"1", Ba2+, Cd2+) have at- 
tracted the attention of scientific community due to the ob- 
servation of colossal magnetoresistance (MR) 
phenomenon.1-3 The magnetic behavior and transport prop- 
erties of these samples are determined by several factors 
such as the percentage of the divalent ions, the ionic radii of 
the metal ions, the method used in the preparation of the 
samples, etc. The distortion of the perovskite structure has a 
direct influence not only on the Mn-0 distance, but also on 
the angle of the Mn3+-0-Mn4+ bond. It has been also ob- 
served that ferromagnetic coupling and metal-insulator tran- 
sition temperature are very sensitive to the change of these 
parameters.2 On the other hand, the substitution of the Mn 
ions by other transition metal ions can give rise to important 
modifications in the magnetic and transport properties.4 

In this work we report the magnetic and magnetoresis- 
tive properties of Ln07Pb03Mnj_j.Fej.O3 (Ln=La, Nd and 
x = 0, 0.1), which have been prepared by the sol-gel low 
temperature method. This method presents the advantage of 
using low-temperature synthesis, that results not only in 
smaller grains but also produces high purity and homoge- 
neous powders.5 We compare structural, magnetic, and mag- 
netoresistance measurements with the aim to reach a better 
understanding of the effect caused by the presence of differ- 
ent lanthanide elements and the substitution of Mn by Fe 
ions in the samples. 

II. EXPERIMENT 

Mixed oxides of compositions Ln0jPbo^Mn! _-Fe~03 

(Ln=La, Nd and x = 0, 0.1) were prepared by the sol-gel 
method with the required quantities of La203, Pb(N03)2, 

Mn(C2H302)2-4H20, and Fe(N03)3-9H20 as starting mate- 
rials. Citric acid and ethyleneglycol were used as gelling 
agents for the La and Mn ions in a nitrate solution. After 
drying in a sand bath, the obtained gel was subjected to 
successive heat treatments at different temperatures: 773, 
973, and 1073 K, respectively, each of them for 10 h. The 
microcrystalline powder thus obtained was pelletized and 
sintered at 1173 K for 10 h in flowing oxygen. In the follow- 
ing, the prepared compounds will be labeled as LaPb, 
LaPbFe, NdPb, and NdPbFe. 

The Mn3+/Mn4+ content of each sample was determined 
by redox titration using an excess of FeS04 (0.025 M) solu- 
tion and back titration with 0.5 M permanganate. In all cases 
we observed a greater content of Mn4+ to that corresponding 
to the nominal composition (see Table I). These deviations 
from theoretical stoichiometries could be due to an excess in 
the oxygen concentration or more probably to the presence 
of cation vacancies.6 

TABLE I. %Mn4+, Goldschmidt's tolerance factor, t [t = (rA + r0)/V2(rB 

+ r0], and crystallographic data for the studied compounds. 

Sample 
Space Lattice 

%Mn4+ t group        parameters 

La07Pb03MnO3 65 

Lao.7Pbo.3Mn09Fe0103 53 

Nd0.7Pb0.3MnO3 56 

Ndo.7Pbo.3Mno.9Feo.A 57 

0.9915     R3c     a = fe = 5.514Ä 
c= 13.405 Ä 
ß= 119.99° 

0.9915     R3c      a = b = 5.519 k 
c= 13.340 Ä 
ß= 119.97° 

0.9688 Pnma a = 5.480 A 
fe = 7.720 Ä 
c = 5.456 Ä 

0.9688 Pnma a = 5.484 Ä 
b = 7.728 Ä 
c = 5.467Ä 

0021 -8979/98/83(11 )/7171/3/$15.00 7171 > 1998 American Institute of Physics 
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X-ray diffractograms were recorded on a Philips 
X'PERT diffractometer using Cu Ka radiation. The space 
group and lattice parameters, determined by the Rietveld 
method using the FULLPROF program,7 are shown in Table I. 
The diffraction maxima of the La phases were indexed in a 
rombohedral space group (R3c) while Nd ones exhibit an 
orthorhombic symmetry (Pnma). This result is in good agree- 
ment with the higher distortion exhibited by the neodymium 
perovskitelike compounds. In this way, the Goldschmidt's 
tolerance factors t of these phases are lower than those ob- 
tained for the La compounds (see Table I). However, the / 
values are greater than 0.968 in all cases, hinting for a good 
stability of the structure. 

Magnetic and resistance measurements were performed 
in a quantum design MPMS-7 superconducting quantum in- 
terference device magnetometer. The zero field cooling 
(ZFC) and field cooling (FC) curves were performed under 
an applied field of 8 kA/m. M{T) curves at 1 T applied field 
and hysteresis loops at 10 K and up to 7 T were also ob- 
tained. The resistance and MR versus temperature measure- 
ments were carried out using a dc four-probe system with the 
current parallel to the applied field. 

III. RESULTS AND DISCUSSION 

The temperature dependence of the resistance measured 
under zero and 6 T applied fields for all samples is shown in 
Fig. 1. In absence of applied field a resistance maximum, 
characteristic of a semiconductor-metal transition, is ob- 
served. For the LaPb composition the transition temperature 
is rsc_M«*270 K, which is into the range of values observed 
for La manganites doped with alkaline-earth ions (235-330 
K).8 However, the change of La by Nd in the perovskite 
composition gives as a result a drastic decreasing in the 
value of this rsc_M, being now »140 K. These transition 
temperatures decrease when adding Fe to the compositions 
(see Table II). 

When applying a 6 T magnetic field the value of the 
resistance decreases in all the temperature range. In all 
samples a change in the MR behavior occurs around the 
semiconductor-metal transition temperature. The relative 
magnetoresistance defined as: [R(6T)-R(0T)]/R(0T),9 is 
higher in the samples containing Fe, reaching values of 
around 65% and 80% for the La and Nd phases, respectively. 

The magnetic behavior observed from ZFC and FC 
curves corresponds to a magnetic inhomogeneous system 
where ferromagnetic grains or clusters are embedded in a 
nonferromagnetic matrix. The ZFC and FC measurements 
have been carried out under applied field of 8 kA/m, lower 
than the value of coercitivity measured at 10 K for all 
samples. The results are shown in Fig. 2. All compositions, 
except NdPbFe, show an extraordinary similarity, hinting for 
the same magnetization process at low applied field. The 
ZFC curves show a maximum at a given temperature and fall 
at higher temperature due to the ferro-paramagnetic transi- 
tion. For temperatures below that maximum, the decrease in 
the magnetization value is probably due to noncollinear ef- 
fects. In all samples the Curie temperature is very close to 
the blocking temperature, Tb, of the largest clusters in the 
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FIG. 1. Resistance vs temperature curves for the LaPb(O), LaPbFe(D), 
NdPb( 0), and NdPbFe(A) samples obtained under 0 (open symbol) and 6 T 
(full symbol) applied magnetic fields. 

assembly.11 At this temperature, bifurcation between ZFC 
and FC curves occurs losing the magnetization process its 
reversibility. The observed Tc values are clearly higher for 
the La phases than for the Nd ones. The introduction of iron 
in the samples causes an important decrease in the tempera- 
ture of the ferromagnetic ordering (see Table II) following 
the same behavior observed for the semiconductor-metal 
transition. 

The thermal evolution of the magnetization under 1 T 
applied field for all compounds is reported in Fig. 3(a). The 
observed behavior is essentially similar, but important differ- 
ences on the magnetic moments are observed. The values of 
these moments are higher for the La phases than for the Nd 
ones, as was also observed for the Tc values. The influence 
on the magnetic moment values when introducing Fe is dras- 
tic, as was observed for LaoyCaojMn^JFejC^.12 In this 

TABLE II. Values of Curie temperatures, Tc , magnetization per magnetic 
ion, M/N/j,B at 10 K and 7 T, and transition temperature in the resistance 
behavior, 7"SC.M, for the studied samples. 

Sample 7"C(K) M/N/j.B 
rsc-M(K) 

0.7Pb03MnO3 345(5) 3.28(10) 270(5) 
o.7Pbo.3Mn09Fe0103 215(5) 2.79(10) 135(5) 
0.7Pb03MnO3 165(5) 3.30(10) 140(5) 

lo7Pb03Mn09Fe0|03 75(5) 2.52(10) 115(5) 
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FIG. 2. Zero field cooling (ZFC, increasing temperature arrow) and field 
cooling (FC, decreasing temperature arrow) magnetization vs temperature 
curves for the studied samples, measured at //app=8 kA/m. 

way, decreases of a 49% for the NdPb and a 15% for the 
LaPb compositions have been measured at 10 K. 

Values of the magnetization per magnetic ion at 10 K 
and up to 7 T applied field for all compositions are summa- 
rized in Table II. LaPb and LaPbFe compositions show the 
same features reaching quickly the magnetic saturation and 
keeping constant the difference in the magnetic moment 
found at 1 T applied field [see Fig. 3(b)]. The observed satu- 
ration moment for the LaPb phase agrees well with that ex- 
pected for the volumetrically determined Mn3+/Mn4+ com- 
position. For the LaPbFe compound the magnetic moment is 
clearly lower than that calculated by adding Mn and Fe mag- 
netic moments, but not so low as correspond to a fully anti- 
parallel ordering of the Fe3+ ions. This fact suggests the 
presence of canted spins in the antiferromagnetic couplings 
induced by the iron ions. 

For NdPb and NdPbFe the spins are not fully aligned 
under the applied maximum fields (7 T). The magnetic mo- 
ment of the Fe phase is considerably lower. However, the 
slow evolution of the magnetization curve indicates that 
lower differences in the values of the magnetic moments 
should be probably measured at higher applied fields. These 
results together with the whole appearance of the ZFC curves 
suggest the presence of antiferromagnetic interactions Fe- 
O-Mn and that the Nd ions are not magnetically ordered 
even at 10 K. 

Finally, it is to note that both the Tc and rSM.M values 
are lower for the Nd phases than for the La ones. This fact is 
in good agreement with the lower ionic radii of the Nd3+ 

ions and the corresponding larger distortion of its perovskite- 
type structures. Besides, the introduction of Pb ions causes a 
similar effect that the Sr ones on the critical temperatures 
because of its similar ionic radii. These values correspond to 
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FIG. 3. (a) Magnetization vs temperature curves, M(T), measured at 
//app= 1 T, and (b) hysteresis loops measured at 10 K for the studied 
samples. 

the less distorted structures and give rise to the greater Tc 

and JTSM_M values observed in these type of compounds.8 
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90 MeV 160 ion irradiation effects on transport and magnetization 
in epitaxial thin films of La0.75Ca0.25MnO3 
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The influence of 90 MeV 160 ion irradiation on the electric and magnetic properties of epitaxial thin 
films of Lao 75Ca0 25Mn03 i

s studied. These films were deposited on LaAlO3(100) substrates by the 
pulsed excimer laser deposition technique. The thickness of each film was about 3000 Ä. The high 
quality of the films was ensured by x-ray diffraction and transport measurements. The films were 
irradiated with 90 MeV oxygen ions at different doses (1011-1014 ions/cm2). It is observed that at 
a low dose of 1011 ions/cm2 the resistivity peak temperature (Tp) and the Curie temperature (Tc) 
increase, however as the dose is increased further, the Tp and Tc decrease. At the higher dose of 
1014 ions/cm2, the film becomes insulating and does not show any peak in the resistivity- 
temperature curve down to 60 K. These results are discussed in terms of the effects of ion induced 
compositional inhomogeneity and strain on the film properties. © 1998 American Institute of 
Physics. [S0021-8979(98)45011-4] 

INTRODUCTION 

Interest in the transport properties of doped pervoskite 
oxides of the type A1_xBJ.Mn03+>, (A=La, Nd, Y; B=Ca, 
Ba, Sr) has grown rather sharply during the past few years 
since the discovery of colossal magnetoresistance (CMR) be- 
havior in these compounds.1-4 A prominent feature of these 
materials is the occurrence of a peak in resistivity (Tp) close 
to the ferromagnetic transition temperature (Tc) and a spec- 
tacular (up to a thousandfold) reduction in the resistivity 
upon application of a magnetic field of several tesla.4'5 Ear- 
lier studies have shown that the transport in these oxides is 
strongly influenced by the Mn+3/Mn+4 ratio (i.e., the amount 
of doping).6'7 It has also been established that the transport 
and magnetization in these oxides is primarily controlled by 
the Mn+3-0-Mn+4 network. The transport is considered to 
occur by the so called Zener double exchange model,8 al- 
though the validity of this model has increasingly been ques- 
tioned in recent years.9 As the oxygen content in these ma- 
terials decreases, the resistivity increases and the magnetic 
transition temperature shifts to lower temperature.10 The 
presence of grain boundaries modifies the magneto-transport 
behavior completely.11 External pressure has also been 
shown to influence the semiconductor (paramagnetic)-metal 
(ferromagnetic) transition.12 Thus, it appears that the 
magneto-transport properties of doped manganese oxides are 
very sensitive to lattice strain and disorder. The strain can 
influence the Mn+3-0-Mn+4 bond angle as well as bond 
distances while other forms of disorder could additionally 
influence the charge imbalance. 

It is well known that irradiation of solids with energetic 
particles leads to creation of a wide variety of defect states 

a)Electronic mail: rnb@physics.unipune.ernet.in 
b)Also at the National Chemical Laboratory, Pashan, Pune 411 008, India. 
''Presently at the Department of Materials and Nuclear Engineering, Univer- 

sity of Maryland, College Park, MD 20740. 

therein.13 In particular, damage by energetic ion beams has 
been well studied over the past decades. At medium ion en- 
ergies (keV range), the damage is caused by the nuclear loss, 
whereas at higher energies (MeV-GeV range) it is caused by 
the electronic loss mechanism. Since irradiation can lead to a 
controlled introduction of defect states in the material sys- 
tem, it has been and is being beneficially used to control the 
material properties. Since the magnetic properties are also 
affected significantly by defects, irradiation can be used to 
control such properties as the coercivity and the retentivity of 
the materials, which are important in different applications. 

In this work, we have examined the effects of 90 MeV 
160 irradiation on the structural, magnetic, and transport 
properties of Lao 75Cao 25Mn03 (LCMO) thin films. The re- 
sults are presented in terms of the observed shift in the fer- 
romagnetic transition temperature, changes in the resistivity 
behavior and the activation energy, structural modifications, 
and change in the magnetization of the films, as a function of 
the irradiation dose. 

EXPERIMENT 

The LCMO target used for the deposition of the thin 
films was prepared by solid state reaction starting from the 
respective elemental oxides following a standard ceramic 
route. The LCMO thin films, having thicknesses of about 
3000 Ä, were grown on LaAlO3(100) single-crystal sub- 
strates by the pulsed laser deposition technique. A KrF exci- 
mer laser (K = 248 nm, tp = 20 ns) was employed and abla- 
tion was performed at a laser energy density of 2 J/cm2. The 
substrate temperature was maintained at 700 °C while the 
oxygen partial pressure was 200 mTorr during deposition. 
The deposited films were cooled to room temperature in 500 
Torr oxygen ambient. The irradiations of epitaxial thin films 
of LCMO were performed on the pelletron accelerator with 
90 MeV oxygen ions at different doses, e.g., 1011, 1012, 1013, 
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unirradiated 

2 Theta (degree) 
47.5 

FIG. 1. X-ray diffraction patterns for the as-deposited film and for the films 
irradiated at different doses of 1X1011, 1X1012, 1X10113, and 
1X1014 ions/cm2. 

and 1014 ions/cm2. The irradiated samples were character- 
ized for structural quality by x-ray diffraction. The resistivity 
of each sample was measured using a standard four probe 
technique. The magnetization curves as a function of tem- 
perature from 300 to 80 K were obtained using a vibrating 
sample magnetometer (VSM). 

RESULTS AND DISCUSSIONS 

The electronic and nuclear energy loss values for 90 
MeV 160 ions in LCMO, calculated using the TRIM code 
simulation program are 2.5MeVcm2/mg and 1.44 keV 
cm2/mg, respectively. Also, the range of ions used in our 
experiments is about 39 /mm, indicating that the entire pas- 
sage of ions in the film is dominated by the electronic energy 
loss. It is well known that in this regime of energy loss 
continuous columns of amorphous/defected material are cre- 
ated after irradiation if the loss is more than a threshold 
value.14 Using Szene's model14 one can calculate the thresh- 
old value of electronic energy loss for the formation of co- 
lumnar defects. For LCMO, this value comes out to be about 
20 MeV cm2/mg, which is much larger than the energy loss 
in our experiments. Therefore, the possibility of formation of 
columnar defects is ruled out and it is quite likely that small 
chaplets15 of defected regions are formed in the LCMO lat- 
tice in our experiments. Indeed, our x-ray diffraction (XRD) 
data showed that amorphization does not occur in the sys- 
tem, however, stoichiometry defects are introduced with in- 
creasing ion dose. We highlight this aspect by focusing on 
the (004) XRD peak for LCMO (Fig. 1). In the sample irra- 
diated at the low dose of 1011 ions/cm2 however, no discern- 
able change in the line shape is seen. The peak is, however, 
seen to shift slightly towards higher theta value, indicating a 
decrease in the d value, which implies modification of strain. 
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FIG. 2. Resistivity vs temperature curves for the as-deposited film and films 
irradiated at different ion doses. 

It can be seen that for dose values of 1012 and 1013 ions/cm2 

shoulders appear on the XRD peak and they grow with the 
dose. At a dose of 1014 ions/cm2 phase disproportion is ap- 
parent. 

Figure 2 shows the resistivity (p) as a function of tem- 
perature for the as-deposited and irradiated films. At a dose 
of 1014 ions/cm2 the film does not show any transition from 
the insulating state to the metallic state, at least down to 60 
K. The plot of Tp versus irradiation dose is shown in Fig. 3. 
Initially at a lower dose of 10n ions/cm2, the Tp increases 
and then starts decreasing for a dose of 1012 ions/cm2 and 
above. Figure 3 also shows the variation of activation en- 

1011        1012       1013 

Dose (ions/cm2) 

1Q14 

FIG. 3. Dependence of the resistivity peak temperature (Tp) and the acti- 
vation energy (Ea) as a function of irradiation dose. 
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•   as deposited 

o   dose : 1 x 1011 /cm2 

100 150 200 

Temperature (K) 
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FIG. 4. Magnetization vs temperature curves for the as-deposited film and 
the film irradiated at a dose of 1X10" ions/cm2. The arrows show Tc's. The 
inset shows the data for the film irradiated at a dose of 1X1014 ions/cm2. 

ergy, Ea, for hopping transport in the semiconducting region 
{T>Tp) with the irradiation dose. These values were ob- 
tained from ln(p) vs \IT plots. The lower value of activation 
energy for the dose of 1011 ions/cm2 again suggests release 
of deposition induced microscopic strains. The increase in 
the activation energy with irradiation dose can be attributed 
to the strain developed in the LCMO lattice due to irradiation 
induced stoichiometry defects revealed by the XRD data. 

The magnetization curves as a function of temperature 
for the as-deposited film and the film irradiated at the lowest 
dose of 1 X 1011 ions/cm2 are compared in Fig. 4. The arrows 
show the Curie temperature (Tc). It clearly shows that Tc for 
the film irradiated at 1 X 1011 ions/cm2 is more than that of 
the unirradiated film, establishing a Tc-Tp correlation. At 
higher doses this transition temperature decreases below that 
of the unirradiated film. This behavior of Tc with the irradia- 
tion dose is also consistent with that of Tp. It can be seen 
from the inset of Fig. 4 that the magnetization curve for the 
film irradiated at 1 X 1014 ions/cm2 shows no well defined 
transition from the paramagnetic to the ferromagnetic state 
as we decrease the temperature. This can be explained if one 
visualizes the formation of small chaplets of amorphous 
and/or inhomogeneities uniformly distributed throughout the 
film. Evidence for this is obtained from the XRD data dis- 

cussed earlier. Such type of defects is capable of affecting 
the angle and length of the Mn+3-0-Mn+4 bond, which in 
turn affects the double-exchange interaction. 

In conclusion we have explained the effects of 90 MeV 
160 ion irradiation on the epitaxial La0 75Ca0.25MnO3 thin 
films grown by pulsed laser deposition. The electrical and 
magnetic measurements show that the resistivity peak tem- 
perature {Tp) and ferromagnetic transition temperature, i.e., 
Curie temperature (Tc), shift towards lower value with irra- 
diation dose, except for the case of a low dose of 1 
X1011 ions/cm2. The lower dose apparently relaxes the 
LCMO lattice, releasing deposition induced microscopic 
strain present in the as-deposited films, causing an increase 
in Tp and Tc and a decrease in the activation energy. At high 
doses, irradiation induced disorder introduces compositional 
inhomogeneity and related strain in the films which appar- 
ently affect the angle and length of the Mn+3-0-Mn+4 

bond, and hence the exchange interaction between the cat- 
ions. 
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h&i -jLLMnC^ (x = 0, 0.1, 0.2, and 0.3) were synthesized by using conventional solid state reaction 
and partial melting technique. The compounds were determined to be of rhombohedral structure by 
x-ray powder diffraction. For the * = 0.2 and x = 0.3 samples, room temperature neutron powder 
diffraction patterns were collected and analyzed with the Rietveld method. The analysis showed that 
the Li substitutes onto the La site in the rhombohedral perovskite lattice. Resistivities were 
measured between 4.2 K and room temperature in the magnetic fields of 0, 1, 2, 4, 8, and 13 T. A 
wide semiconductor-metal transition at temperatures between 160 and 210 K or between 200-230 
K were observed for both samples with x = 0.2 and 0.3, respectively. Large magnetoresistances 
above 20%-80% were achieved at fields from null to 13 T over a wide temperature range from the 
ferromagnetic transitions down to 4.2 K. However, the x = 0 and 0.1 samples show a 
semiconducting behavior in resistivity measured between 77 and 300 K. © 1998 American 
Institute of Physics. [S0021-8979(98)45111-9] 

I. INTRODUCTION 

Recent discovery of colossal magnetoresistance (CMR) 
phenomenon in doped LaMn03 perovskite (LMO)1-4 which 
exhibit a field-induced change in electrical conductivity by 
many orders of magnitude, has stimulated much research 
worldwide because of its importance both for fundamental 
research in solid state physics and for practical application in 
magnetoelectronics. Upon doping La3+ by divalent ions, 
both Mn3+ and Mn4+ ions are present. Electron hopping oc- 
curs via the double-exchange (DE) mechanism.5-7 Up to 
now, substitution of La3+ by divalent ions such as Ca, Sr, 
Ba, Pb, or Cd have been widely studied in order to achieve 
mixture valences of Mn3+ and Mn4+. It was found that the 
geometry of the Mn-O-Mn bond plays a crucial role since 
the oxygen ion mediates the DE. Distortion of the crystal 
structure leads to the buckling of octahedral network,8 and 
changes the interatomic distance and bond angle, hence in- 
fluencing the electron hopping and DE interaction. The value 
of MR above 105 was achieved in doped LMO thin films 
with optimized straining of the lattice.9 This reflects that the 
lattice distortion favors the CMR. The DE will be enhanced 
if the Mn-O distance decreased. To decrease Mn-0 dis- 
tance, studies have been done on substitution of La3+ by 
smaller 3 + ions, (eg, Pr, Y, Nd) or substitution Ca by Y.10'11 

"'Corresponding author: Electronic mail: xlw01@uow.edu.au 

With decreasing average ionic radius of the La site, MR 
increases dramatically.10 Films of Lao 6Y0 (^Cag 33Mn03 

on 

LaA103 substrate give a much higher MR value (109) than 
the undoped La-Ca-Mn-0 films.9 From a practical view- 
point, large MR over a wide temperature range is highly 
desirable. However, MR was widely observed to be re- 
stricted to a narrow temperature range around ferromagnetic 
transition (FT) in single crystals and epitaxial thin films of 
doped LMO. Although polycrystalline thin films showed MR 
at a relative wide temperature range, the resistivity is much 
higher than that of epitaxial thin films.12"14 The large resis- 
tivity would give high levels of electrical noise. For the oc- 
currence of DE, the amount of Mn4+ should be sufficient 
enough in the LMO and x = 0.3 was found to be optimum 
doping level in Lat_^M^Mn03 (M=Ca, Sr, Ba,...) which 
corresponds to 30% Mn4+. Compared with substitution of La 
by the 2+ ions, substitution by 1 + ions, such as H+, Li+, 
Na+, K+, or Rb+, will be easy to achieve a high percentage 
of Mn4+ with the same doping level as that by 2+ ions 
substitution. For every ion with 1 + valence substitution for 
trivalent lanthanum ion, two Mn3+ need to be oxided to 
Mn4+. H+ radius is so small that it is expected to distribute 
in atomic gaps instead of occupying La sites. While Na and 
K are not stable, they evaporate significantly at high 
temperatures.15 In this article, we report our studies on LMO 
with Li+ partially substituted for La instead of using a diva- 
lent ion for doping into La site. The optimum Li-doped LMO 
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FIG. 1. XRD patterns of powdered La^^Li^MnOs (a) and (b) and surface 
of samples prepared by partial melting (c). 

shows a ferromagnetic transition at 230 K which is the same 
as that in Ca-doped LMO and a nearly constant magnetore- 
sistance Ap/p0 = 20%-80% with the application of mag- 
netic fields from 1 up to 13 T over a very wide temperature 
range between 230 and 4.2 K. 

II. EXPERIMENT 

The Li-doped LMO samples were synthesized by con- 
ventional solid state reaction and partial melting technique. 
High purity powders of La203, LiC03, and MnC03 were 
weighed according to nominal composition of 
La^^Ly^nC^ (x = 0, 0.1, 0.2, and 0.3). After mixing them 
well, these powders were pressed into pellets 10 mm in di- 
ameter. The pellets were first sintered at a temperature of 
1100 °C for 24 h (referred to as sintered samples). After 
grinding and pressing, the pellets were then partially melted 
at a temperature of 1500 °C for 10 min and rapidly cooled 
down to 900 °C and quenched in air (referred to as-partially 
melted samples). A post annealing in 02 at 700 °C was car- 
ried out for some samples. Bar samples were cut from the 
as-prepared bulks for a standard four-probe resistance- 
temperature (R-T) measurement. The resistivity of the 
samples were measured as a function of temperature between 
300-77 K at null field and 4.2-300 K at fields from null up 
to 13 T. X-ray diffraction (XRD) neutron powder diffraction, 
and scanning electron microscopy (SEM) were carried out 
for characterization of the samples. 

III. RESULTS AND DISCUSSIONS 

The compounds were determined to be of rhombohedral 
structure by x-ray powder diffraction as shown in Fig. 1 and 
contain a small amount of unknown impurity phase for as- 
sintering samples [Figs. 1(a) and 1(b)]. The amount of im- 
purity phase was found to gradually increase with an increas- 
ing Li doping level. Room-temperature neutron powder 
diffraction patterns of the x = 0.2 and x = 0.3 as-sintered 
samples were analyzed with the Rietveld method. The pat- 
terns were fitted with space group R3c and Bragg R factor of 
2.3% and 5.0%, respectively. A neutron powder diffraction 
pattern of the x = 0.2 sample is shown in Fig. 2 with the fit to 
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FIG.  2.   Room-temperature neutron powder diffraction pattern for as- 
sintered sample (* = 0.2) and Rietveld refinement of pattern. 

the data. Most of the peaks are well fitted by a rhombohedral 
perovskite structure. The analysis showed Mn and O are 
fully occupied and concentrations of La are 0.884 and 0.832 
for samples with x = 0.2 and 0.3, respectively, indicating that 
the Li substitutes onto the La site in the rhombohedral per- 
ovskite lattice. However, the exact doping level of Li is 
much lower than that in norminal compositions. The as- 
sintered samples reveal very porous morphologies by scan- 
ning electron microscopy and have a high resistance at room 
temperature due to a large amount of grain boundaries. As- 
partially melted samples are of high density with lower re- 
sistance at room temperature and contains less impurities 
than as-sintered samples as shown in Fig. 1(c). The intensity 
ratios of (104)/(110), (006)/(202), and (018)/(030) reflec- 
tions of the partially melted samples are higher than those of 
the as-sintered samples with the same Li doping level. This 
reveals that the partially melted samples have a (001) orien- 
tation tendency when compared with as-sintered one. The 
temperature dependencies of resistivity at a temperature 
range between 77 and 300 K is shown in Fig. 3 for both x 
=0.2 and 0.3 as-partially melted samples annealed in 02. 
These two samples exhibit a semiconductive-metallic transi- 
tion between 200-230 K and 160-210 K, respectively. How- 
ever, samples with x = 0 and 0.1 are semiconductive without 
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FIG. 3. Resistivity-temperature of Li-doped LMO samples partially melted 
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FIG. 4. Resistivity-temperature of as-partially melted sample with x = 0.2 
between 4.2 and 300 K in different fields. 

any transition above 77 K. Figure 4 shows a temperature 
dependence of the resistance for an as-partially melted 
sample (JC = 0.2) at field of 0, 1, 2, 4, 8, and 13 T. At zero 
field, the resistance increases with decreasing temperature 
until 230 K at which a ferromagnetic transition (FT) takes 
place. Below 230 K, the resistance remains constant between 
230 and 170 K which is wider than that annealed in 02 (Fig. 
3) and reduces slowly with further cooling down to 77 K and 
then increasing with a further decrease of temperature. With 
increasing magnetic fields, the FT was gradually increased 
up to 270 K. Meanwhile, the room-temperature resistance 
decreases, indicative of a typical ferromagnetic transition be- 
havior and paramagnetism above FT. Magnetoresistance, 
Ap/p0 = [p0-pH]/p0, shows a nearly constant values of 
17%-20%, 22%-30%, 30%-48%, 45%-65%, and 52%- 
80% for fields of 1, 2, 4, 8, and 13 T, respectively, over a 
very wide temperature range between 4.2 and 230 K as 
shown in Fig. 5. Such a large MR over a wide temperature 
range achieved in the Li-doped LaMn03 is the same as that 

0 50       100       150      200      250      300 

Temperature [K] 

FIG. 5. Magnetoresistance of an as-partially melted sample with *=0.2 
between 4.2 and 300 K in different fields. 

observed in polycrystalline thin films of Ca-doped LaMn03 

with a field of 5 T14 and wider than Na1+ doped LMO bulks 
and thin films.12 

The magnetic moment versus temperature (m-T) for an 
as-partially melted sample with x = 0.2 measured at 50 Oe 
shows a typical ferromagnetic transition at 230 K which is in 
accord with the onset of transition in the resistance- 
temperature curve (Fig. 4). However, the ferromagnetic tran- 
sition width derived from m-T is narrow (215-230 K) 
which could not account for the constant value of resistance 
in a wide temperature range between 230 and 170 K. The 
SEM morphologies of the Li and Ca doped LaMn03 show 
that the partially melted samples are very dense and no clear 
grain boundaries can be seen. Grain sizes are much larger 
that than of polycrystalline bulk samples synthesized by a 
conventional solid state reaction (as-sintered samples). Since 
both Li and Ca doped LMO samples prepared by the partial 
melting technique are polycrystalline and without any pre- 
ferred orientation as seen from their XRD, the possible effect 
of grain boundaries on the MR over a wide temperature 
range seems unclear for the Li-doped LaMnC^.11'16 In addi- 
tion, the radius of the Li1+ is much smaller (0.78 A) than 
La3+. Distortion of the lattice due to the Li substitution for 
La will be larger than that of Ca, Sr, and other 2 + ions and 
Na1+ doped LaMn03 and induce large amount of crystal 
defects, nonuniform substitutions, and oxygen deficiencies 
which may lead to the broadening in the resistance- 
temperature curve and hence cause the large MR over a 
broad temperature range. The real origin of the broadening 
of resistance in the R-T curve is unclear and needs further 
study. From a practical viewpoint, the large MR over such a 
wide temperature range is beneficial for the application of 
magnetoelectronic devices fabricated by the CMR magnan- 
ites. To achieve a larger and constant MR near room tem- 
perature, fabrication of thin films of the Li doped LaMn03 

and optimization of oxygen are necessary. 
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Antiferromagnetic resonance (AFMR), dynamic conductivity, and dielectric permittivity have been 
studied in the La! _J.SrJCMn03 perovskites at a frequency range of v=3-33 cm-1 by the use of a 
quasi-optical backward-wave-oscillator technique. Two AFMR modes have been observed in 
LaMn03 and Lao 95Sr0 05MnO3. Temperature dependencies of their resonance frequencies, 
linewidths, and mode contributions to a static magnetic permeability have been obtained and 
corresponding parameters of magnetic interactions have been extracted. A jump in the dielectric 
permittivity e'(T) was found at T= 100-120 K in Lao.9Sro.iMn03, which indicates the existence of 
an additional phase transition (probably, a polaron ordering) besides the ferromagnetic transition at 
170 K. A sharp increase of the dynamic conductivity a'{v,T) was observed near Curie temperature 
(285 K) at a metal-semiconductor transition in Lao.825Sr0175Mn03, which was slightly smaller than 
its static value.   © 1998 American Institute of Physics. [S0021 -8979(98)31811-3] 

The recent observation of the colossal negative magne- 
toresistance in doped perovskites R^jA^MnO^ where R is 
a trivalent rare-earth ion and A is a divalent ion such as Ca or 
Sr,1 has attracted considerable interest in these compounds. 
Their magnetic, electronic transport, structural, and optical 
properties exhibit a remarkable variation with the doping 
level.2"4 

The parent compound LaMn03 (Mott-type insulator) has 
a canted antiferromagnetic layer {Ky¥z) structure with a Neel 
temperature TN^ 140 K.5"7 Manganese ions Mn3+ have a 
3d4 electronic configuration with a total spin S = 2, where 
three electrons occupying t2g orbitals may be considered as a 
local spin of S = 3/2, while the remaining electron occupies 
an eg orbital hybridized with oxygen 2p states. The spins of 
the t2g and eg electrons are parallel aligned due to on-site 
Hund coupling. The substitution of the rare-earth ions by Sr 
(or Ca) ions results in doping of holes to the eg orbitals and 
a transition from a canted antiferromagnetic insulating state 
to a ferromagnetic metallic state,1,2'8 which is stabilized due 
to a double exchange.9 

Recent spectroscopic investigations of the doped lantha- 
num manganites indicate that their dynamic properties 
change drastically through the phase transitions and are very 
sensitive to the doping level. An infrared study of the optical 
conductivity of La^Sr^MnO;, has shown a large variation 
of the electronic structure in a wide frequency range 
(~2eV) with the spin polarization of the conduction 
carriers4 and a shift of phonon frequencies at the ferromag- 
netic metal-insulator transition.10 Inelastic neutron scattering 
experiments have revealed spin excitations in pure 
LaMn03,

7,11 and these dramatically change with doping 
level.12 In this work we performed investigations of antifer- 

romagnetic resonance (AFMR), dynamic conductivity, and 
dielectric permittivity of La^^Sr^MnC^ manganites in the 
submillimeter frequency range by means of a quasi-optical 
backward-wave-oscillator technique.13'14 

Single crystals of Lat _^Sr^Mn03 (x = 0, 0.05, 0.1, 0.15, 
and 0.175) were grown by the floating zone method with 
radiation heating in an air atmosphere. X-ray powder diffrac- 
tion measurements showed that grown materials were of 
single phase. However, x-ray topography has revealed a twin 
structure in the crystals. 

Resistance, p(T), was measured using the four-probe 
method at T= 4.2-400 K in magnetic fields H up to 12 kOe. 
Magnetization M{T,H) and ac magnetic susceptibility 
Xzc(T) measurements were performed in magnetic fields H 
=£l2kOe at T= 4.2-400 K. 

The transmission T(v) and phase shift Aip(v) spectra 
of thin plane-parallel plates were measured using a 
quasi-optical submillimeter backward-wave-oscillator 
spectrometer13'14 in the frequency range v= 3-33 cm-1 at 
temperatures of 5-300 K. The complex dielectric permittiv- 
ity e(v,T) = e' + ie" as well as the dynamic conductivity 
a(v,T) were determined from the T(v) and A<p(v) spectra 
using Fresnel's formulas for the transmission and phase shift 
of the plane-parallel plate.15 In order to take into account the 
AFMR mode contribution we used a harmonic oscillator 
model for a permeability dispersion: 

ß= 1 + £,A^2/( v2- v2+jvA Vl), (1) 

"'Electronic mail: mukhin@ss.gpi.ru 

where vt, Avf, and A^,- are the resonance frequency, line- 
width, and mode contribution to the static permeability of the 
ith mode, respectively, j = y—1 • 

LaMn03: In the transmission spectra of the pure 
LaMn03 we observed two lines close together, which ap- 
peared at T< TN= 140 K. We have identified the lines with 
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FIG. 1. Temperature dependence of the AFMR frequencies in 
LaMn^^Sr^.03 for x = 0 and 0.05. Arrows indicate the corresponding Neel 
temperatures. 

two AFMR modes and have fitted T(v) spectra using 
Fresnel's formulas and Eq. (1) for the permeability. The tem- 
perature dependence of the AFMR frequencies is shown in 
Fig. 1. The values of the linewidth, mode contribution, and 
complex dielectric permittivity are equal to Av12 

~0.5cnr\ A/*1>2~0.035, and e'~20.5, e"«=0.1, respec- 
tively, at T= 80 K. An inelastic neutron scattering study of 
LaMn03 gives the gap for the spin waves at about 19.8 cm-1 

at 20 K (Ref. 7) and 19.4 cm"1 at 8 K,11 in agreement with 
our resonance frequency values of 18.1 and 17.3 cm-1 at 4.2 
K (Fig. 1). 

According to Refs. 6 and 7 the antiferromagnetic spin 
axis in LaMn03 is along the b axis of the orthorhombic 
Pbmn crystal and a small spin canting takes place along the 
c axis (magnetic structure of the AyFz type). There are two 
AFMR modes in the crystal whose frequencies are deter- 

,14 mined by 

v2=y(2HEHa
A
D + Hz

D) ,2x1/2 (2) 

whereHc
A
b = KcbIM0, H^h = Kab/M0, and Kcbab are anisot- 

ropy constants for the cb and ab crystallographic planes, 
respectively, HE and HD are isotropic and antisymmetric ex- 
change fields, respectively, M0/2 is a sublattice magnetiza- 
tion, and y is a gyromagnetic ratio. The first (quasiferromag- 
netic) mode is excited by h\\a and b axes, while the second 
(quasiantiferromagnetic) mode is excited by Alle axis. The 
corresponding mode contributions are: Afi1 = 4irpx±, 
A/j,bl = 4TrpXmt f°r mode 1 and Aßl = 4irpx± for mode 2, 
where x±=M0/2HE and Xrot=mV^cb are transverse and ro- 
tation susceptibilities, respectively, m0 = x±HD is the weak 
ferromagnetic moment and p~6.5 g/cm3 is the crystal den- 
sity. Due to the twin structure of the investigated LaMn03 

crystals both modes were observed simultaneously with 
nearly equal mode contributions at various polarization of 
radiation. Assuming equal volume for all six kinds of the 
twins and their even distribution in the sample we obtain 
A/i1 = l/3(A/ii + A/ii) and Aju2=l/3A/t5 and then we 
may estimate ^-1

sa(1.4±0.2)X 10~4 cm3/g and the corre- 
sponding exchange field HE<*=> 3.3 X 105 Oe. This value of the 
Xi. is in a reasonable agreement with the ^1 = (1.8±0.3) 

100 200 

Temperature ,K 
300 

FIG. 2. Temperature dependence of the dielectric permittivity 
e[ 2(7.5 cm-1) (a), dynamic [crj 2 (7.5 cm-1)] and static (o-do) conductivity 
(b) and ac magnetic susceptibility Xtc (c) °f Lao9Sr0 ^MnOß. Indices 1,2 
correspond to the two crystallographic directions: 1—[ —110] and 2 — [11 
-2]. 

X 10~4 cm3/g deduced from our static measurements. Using 
the interplane exchange constant obtained from an inelastic 
neutron scattering study of the spin waves in LaMn03

7'n we 
can determine //£

s»4X 105 Oe that is close to our data. Us- 
ing the value of the weak ferromagnetic moment for a single 
domain m0(T= 78 K) = 4.2+0.5 emu/g deduced from our 
static measurements and anisotropy constant Kcb(T=7&K) 
«*3 X 106 erg/g («6 cm-1/ion) determined from the AFMR 
frequency we may estimate A'rot=6x 10~6 cm3/g. The small 
value of the ^rot, i.e., Xm^Xi> explains the nearly equal 
mode contributions (A^u^A/^) observed in our experi- 
ment. We note also the small contribution of the antisymmet- 
ric exchange field HD into the AFMR frequency and nearly 
equal values of the anisotropy constants in different crystal- 
lographic planes that permit the use of a simple model of an 
uniaxial antiferromagnet to describe the spin waves in 
LaMnO-,.7'11 

La095Sr005MnO3: Two AFMR modes were revealed for 
this composition, which in contrast to the pure LaMn03, had 
significantly different frequencies (Fig. 1). What's more, the 
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samples (ft-cut plane parallel plates) practically did not con- 
tain twins and we were able to determine excitation condi- 
tions and identify the modes: the low frequency mode (vi) 
observed at the h II a axis was identified as a quasiferromag- 
netic mode, while the high frequency mode (v2) excited by 
the h\\c axis was identified as a quasiantiferromagnetic one. 
The values of the mode contributions and linewidths are (T 
= 10K): Afi1 = 0.0l6±0.003, A/A2 = 0.015±0.003, AVU2 

«2 cm-1. 
We assumed above that the magnetic structure is of the 

AyFj. type. This conclusion is confirmed by the neutron scat- 
tering and magnetic study of the Lao 96Sr0 04MnO3, '

6 where 
the magnetic structure remains similar to that of pure 
LaMn03, however, with increased value of a canting angle. 
According to our static measurements of Lao 95Sr0 05MnO3 

the magnetic susceptibilities ^,
a=^c=(1.3-1.9) 

X 10~4 cm3/g, xfc=(5.3±0.5)X 10~4, and spontaneous mo- 
ment along the c axis m0=18±4 emu/g are in agreement 
with the AyFj, magnetic structure. However, we note a no- 
ticeable increase (about four times) of the canting angle and 
significant decrease of the anisotropy constant in the cb 
plane. The estimated values of the Kcb are: (0.7±0.2) 
X106cm3/g from the AFMR data and (0.6±0.2) 
X106 cm3/g from the rotation susceptibility (Xb)- 

The dielectric properties of Lao 95Sr0 05MnO3 
are similar 

to LaMn03, however we note their anisotropy and higher 
dielectric losses, in particular, e'a*=*2A, e"a = 0.6-0.7, and e'c 

«20, e"«0.2-0.3 for v= 5-13 cm"1 and r=80K. 
La09Sr01MnO3: Magnetic, dielectric, and transport prop- 

erties of this composition suffer significant changes as com- 
pared with previous ones. We did not observe magnetic 
modes in the range 5-20 cm"1 since the magnetic ordering 
at r<rc

Ää170 K is of the ferromagnetic type and a ferro- 
magnetic resonance is expected at much lower frequencies. 
However, apparent anomalies were observed in the tempera- 
ture dependence of the dielectric permittivity and conductiv- 
ity (Fig. 2). A pronounced jumplike behavior for e'(T) and a 
maximum for a'(T) between 100 and 120 K indicate the 
existence of an additional phase transition besides the mag- 
netic transition at Tc. The anomalous behavior of the ac 
magnetic susceptibility at T<TC [Fig. 2(c)] confirms this 

conclusion. One possible origin of this transition may be 
related to a polaron ordering connected with a freezing of 
holes on the lattice sites.17 

We note also an anisotropy of the e' and a' for different 
crystallographic directions [Figs. 2(a) and 2(b)]. The dy- 
namic conductivity a'(T) is considerably greater than the 
static one, aäc(T) [Fig. 2(b)]. This indicates that not only 
free charge carriers contribute to the dynamic cr' but also 
contributions from the localized carriers and crystal lattice 
are of importance at the submillimeter wavelengths. 

La0S2sSr017SMnO3: For the high conducting composition 
(x = 0.175) a considerable decrease of the transmission T{v) 
for the 0.026 mm plate on lowering the temperature was 
observed near the ferromagnetic phase transition at Tc 

«285 K, accompanied by a metal-semiconductor transition. 
In particular, T decreases from 2X 10~3 at 300 K to 10~4 at 
280 K. The extracted dynamic conductivity a'(v,T) is 
slightly smaller than its static value aäc(T) and exhibits a 
sharp increase at the phase transition (Fig. 3). The main con- 
tribution to cr'(v,T) is Drude-like, practically without fre- 
quency dispersion. The real part of the dielectric permittivity 
amounts to e'(r=295 K) = 37 and shows no frequency dis- 
persion. 

In conclusion, this study of the submillimeter properties 
of the La1_xSrJ.Mn03 perovskites shows the intimate rela- 
tions between their magnetic excitations, charge carriers, and 
crystal lattice dynamics and gives insight into the origin of 
their unusual magnetic, electronic, and structural properties. 

This work was supported in part by the Russian Foun- 
dation for Basic Research (Grant Nos. 97-02-17325 and 96- 
02-18091) and the Ministry of Science and Technical Policy 
of the Russian Federation. 
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Unusual substitutional properties of Ru in the La0.7Sro.3Mn1_xRuJf03 system 
S. Sundar Manoharan,a) H. L. Ju, and Kannan M. Krishnanb) 

Lawrence Berkeley National Laboratory, Materials Sciences Division, 72-150, Berkeley, California 94720 

La07Sr03Mn1_xRuxO3, 0=Sx=£0.2 samples were prepared both in bulk and thin film formed using 
pulsed laser deposition. Magnetization measurements of bulk samples indicate a marginal decrease 
in Tc from 366 to 335 K up to 15% Ru substitution in Mn site. X-ray diffraction of the (100) 
oriented epitaxial films indicate a monotonic increase in the lattice parameter with Ru doping. The 
magnetoresistive behavior of the Ru substituted films are comparable with the parent 
Lag 7Sr0 3Mn03 films. Unlike other elemental substitution in Mn sites, the effect of Ru to stabilize 
magnetic ordering at elevated temperatures is exceptional. © 1998 American Institute of Physics. 
[S0021-8979(98)26911-8] 

Hole-doped manganese oxides exhibit a very large nega- 
tive magnetoresistance at temperatures close to their para- 
magnetic to ferromagnetic transition.1"3 The magnetic inter- 
action is mediated by the double exchange interaction 
between the Mn3+ and Mn4+ ions. It is now understood that 
at least three factors govern the insulator to metal (I-M) 
transition in these materials:4'5 the average size of the cations 
(A, Ln, in Ln1_J.AA.Mn03) where A is a divalent dopant and 
Ln is a lanthanide element, the mixed valence state of man- 
ganese (hole carrier density) and the size mismatch between 
the A and Ln cations. However, preliminary studies of the 
substitution of metallic elements for manganese in such per- 
ovskite manganites has shown that it is possible to dramati- 
cally modify their magnetic and transport properties. For 
example,6 Pr[ _xCa.xMn03 can be driven from insulator to a 
metal by doping with Cr and Co in Mn sites. In all these 
attempts it has been observed that any substitution which 
alters the Zener pairs (Mn3+/Mn4+) drastically reduces the 
Curie temperature. The prospects for realizing practical ap- 
plication of these materials largely depends on their low field 
response and achieving a Curie temperature, Tc above room 
temperature. Of all the materials reported so far, Ba, Sr, and 
Pb7 substituted Laj_^A^Mn03 shows Tc above 300 K. On 
the other hand, all substitutions including those on Mn sites 
drastically reduce Tc. Despite this background, we at- 
tempted to evaluate the effect of Ru substitution for three 
reasons: (i) Ad orbitals of Ru are more delocalized compared 
to the 3d transition metals; (ii) SrRu03 is a well known 
ferromagnet and a highly conducting perovskite oxide by 
virtue of R\x:Ad-0:2p exchange interactions, and (iii) it is 
now fairly well understood that the conductivity in mangan- 
ites is proportional to the ferromagnetic ordering and there- 
fore we could expect better exchange interactions between 
Mn and Ru in a mixed perovskite. In this article, we present 
the synthesis of both bulk and thin films of 
La07Sr03Mni_J.RuA.O3 (where 0.0^x^0.2). We document 

a,On summer leave from Dept. of Chemistry, Indian Inst. of Technology, 
Kanpur208 016, India; electronic mail: ssundar@iitk.ernet.in 

b'Author to whom all future correspondence should be addressed; electronic 
mail: krishnan@lbl.gov 

for the first time that Ru doping upto 15 at. % in Mn site 
does not lower the ferromagnetic ordering as observed for 
other transition metals. 

The Ru doped manganites, Lao^Sro^Mn^^Ru^Os were 
prepared in the form of pellets by calcining mixtures of ox- 
ides of La203, SrC03, MnC03, and Ru02 initially at 
1100 °C and at 1400 °C after intermittent grinding. Thin 
films were grown on LaA103 substrates at 300 mTorr oxygen 
partial pressure and at a substrate temperature of 680 °C by 
pulsed laser deposition (PLD). The KrF excimer laser em- 
ployed for the deposition was operated with a pulse energy 
density of 2 J/cm2 and 5 Hz pulse rate. After deposition the 
films were cooled to room temperature in 200 Torr of 02 

pressure. The bulk polycrystalline samples of the parent 
Lao7Sr03Mn03 and the Ru substituted compounds are both 
single phase with orthorhombic symmetry. However, their 
films grown on LaA103 (100) shows cubic symmetry. The 
(002) peak shows a monotonic increase in lattice parameter 
from 3.87 to 3.94 Ä with increasing Ru doping. The x-ray 
pattern (Fig. 1) shows epitaxial growth of Ru-substituted 
films on the LaA103 substrates. 

Magnetization curves for bulk Lao 7Sr0 3Mn! -^RuA wt 
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FIG. 1. X-ray diffraction of La07Sr03Mn1_;[Ru^O3 for x = 0, 0.05, and 0.1 
thin films grown by PLD on LaA103 (100) substrates. Note the systematic 
increase in c parameter (002 reflection) with increasing Ru doping. 
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FIG. 2. Temperature dependence of the magnetization (at #=200Oe) of 
La07Sr03Mn1^;cRu;>:O3 above room temperature in the doping range 0=s.t 
=£0.15. 

shown in Fig. 2. The M vs T curves indicate a monotonic 
decrease in Tc, from 365 K for Lao 7Sr0 3Mn03 (LSMO) to 
335 K for Lao7Sr03Mn085Ru01503 (For * = 0.1 and 0.15, a 
shoulder was seen in M vs T curve.) This is possibly due to 
instrumental error and not due to phase separation since our 
x-ray results show single phase without any impurity phase 
within the x-ray resolution of about 2%. The Curie tempera- 
ture for the parent LSMO agrees well with the reported Tc 

values. Note the unusual doping effect of Ru which shows a 
very marginal decrease in Tc for doping upto 15% of Ru 
(ATC is only around 35 K which is marginal). A large de- 
crease in Tc in other cases, for example; doping of Al3+, 
Fe3+, and Ti4+ has been argued to have direct effect on the 
magnetic ordering. The positive influence of Ru doping on 
magnetic ordering could be interpreted based on the mixed 
valence states of Ru, as Ru02, Ru03, Ru203 etc. Although 
similar effects due to variable states has been observed re- 
cently by Raveau et al. on Cr and Co doping in 
Pr05Ca0.5MnO3 it should be noted that Cr and Co ions aid 
only in the insulator metal transition and not in the charge 
transfer mechanism. A rapid disappearance of the charge or- 
dering has been observed for doping as small as x > 0.02 for 
Cr and Co. Ru substitution on the other hand stabilizes mag- 
netic ordering upto 15%. This can be attributed to the Ad 
metal character of Ru. It is now fairly well understood that 
the 3d electrons are more localized compared to Ad elec- 
trons. Therefore exchange interaction between Mn-O-Ru 
could be favored much more than any other transition met- 
als. The presence of variable oxidation state of Ru is evident 
from the x-ray photoelectron spectrum (Fig. 3) of the Ru 
substituted bulk samples. The peaks corresponding to 483.0 
and 486.2 eV suggests the presence of a possible redox 
couple involving Ru3+/Ru4+. This further suggests that an 

mixed   Zener   pair   such    as    Mn3+/ interplay    of   a 
Mn -Ru3+/Ru4+ could be decisive in the charge ordering. 

Figure 4 shows resistivity versus temperature plot for the 
parent La07Sr03MnO3 film and the Ru substituted film, 
Lao.7Sro.3Mno.9Ruo.iO3. Although ferromagnetic ordering oc- 
curs well above the room temperature, R vs T plot for the 
bulk samples show a very broad transition and the metal- 

490 480 470 

Binding Energy (eV) 
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FIG. 3. X-ray photoemission spectroscopy (XPS) spectrum showing vari- 
able oxidation state for the Ru (x = 0.1) bulk samples. The peaks corre- 
sponding to 483.0 and 486.2 eV suggests the presence of a possible redox 
couple involving Ru3+/Ru4+. 

insulator transition occurs below 300 K. This is attributed to 
the role of the grain boundaries. However, upon subsequent 
annealing at elevated temperatures, well sintered pellets do 
show a M-I transition in accordance with the magnetic or- 
dering temperature. The as-grown films of LSMO and Ru 
substituted films also show the same semiconducting behav- 
ior. In order to overcome this discrepancy, which could oc- 
cur either from the enhanced role of grain boundaries or from 
loss of oxygen, the laser targets were sintered with 3% 
Ag20, to promote 02 saturation of oxygen in the films dur- 
ing growth and annealing. Silver gets oxidized to AgO dur- 
ing laser ablation and during film growth AgO dissociates 
yielding its oxygen to the La07Sr03Mn1_^Ru^O3 films. It is 
well known that addition of Ag20 to bulk YBa2Cu307 and 
self doped La!_^Mn03 increases the oxygen content in the 
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FIG. 4. Temperature dependence of the resistivity at H = 0 and 1 T of 3% 
Ag doped Lao7Sr03Mn1_xRu^03 (x = 0.1) film. Inset shows the temperature 
dependence of the resistivity at H = 0 and H= 1 T for parent x = 0 and x 
= 0.1 without Ag doping (full symbol: H = 0, empty symbol: H= 1 T). 
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YBCO and Lao.7Mn03 film, respectively. ■ Consequently, 
3% Ag containing LSMO and Ru substituted LSMO films 
showed a metal-insulator transition corresponding to the fer- 
romagnetic ordering. In summary we have shown for the first 
time the exceptional ability of Ru to stabilize magnetic or- 
dering in the La07Sr03Mn1_j.RUj.O3. It should be possible to 
apply such an effect to other perovskite manganites to evalu- 
ate the actual role played by Ru in ferromagnetism and to 
understand double exchange mechanism in mixed Zener 
pairs like Mn3+/4+-Ru/3+/4+. 
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Angle-resolved magnetic and transport properties 
of Pr0.7Sr03MnO3 thin films 
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In this communication, the variation of the resistance and of the magnetization with respect to the 
angle between the applied magnetic field and the substrate normal is discussed for a Pr0 7Sr0 3Mn03 

thin film at 30 K. An angular hysteresis is observed for these properties and this behavior is 
correlated with the magnetic domain wall motion. It is shown that the number of domain walls is 
controlled through the rotation of the applied magnetic field, and that these domain walls play an 
important part in the colossal magnetoresistance behavior of these films. Furthermore, a model 
describing the reversal of the magnetization with the rotation of the magnetic field has been 
developed. This model enables one to extract the dependence of the resistance upon the direction of 
the magnetization with respect to the crystalline axis. © 1998 American Institute of Physics. 
[S0021-8979(98)52511-X] 

Manganese perovskites exhibiting colossal magnetore- 
sistance (CMR) have drawn large interest these last few 
years, particularly for the realization of thin films with tech- 
nological applicability.1'2 However, the microscopic mecha- 
nism of CMR is not clearly established. The double ex- 
change (DE) interaction,3 which has been classically 
involved to explain CMR, relates the hopping rate of an eg 

hole between two Mn sites to the angle between the respec- 
tive moments of these Mn sites. Yet this interaction does not 
consider the direction of the moments with respect to the 
hopping direction (i.e., the local current direction) nor to the 
crystalline direction. Eckstein et al. have shown4 that the re- 
sistivity of a La0 66Cao 33Mn03 thin film depends upon the 
angle between the in-plane applied magnetic field and the 
current direction. They have compared this effect to the 
anomalous magnetoresistance (AMR) observed in metal thin 
films. However, this resistivity variation could also be re- 
lated to the direction of the Mn moments with respect to the 
crystalline axis. In order to investigate this possibility, we 
have carried out magnetic and transport measurements on a 
Pr0 7Sr0 3Mn03 thin film, while varying the direction of the 
applied magnetic field, B, with respect to the crystalline axis, 
and keeping B perpendicular to the current direction. 

In situ annealed Pr0 7Sr0 3Mn03 thin films were grown on 
LaA103 substrates by pulsed laser deposition. The micro- 
structure has been investigated by x-ray diffraction and trans- 
mission electron microscopy (TEM), and is discussed, with 
respect to the growth conditions, in details elsewhere.5 TEM 
has evidenced that the films crystallize epitaxially and with 
the space group Pbnm. The growth axis is in the [110] direc- 
tion (a^b^Vl ap) and the c axis is in the plane of the film 
(c***2ap). The pseudocubic structure of this material, iden- 
tical to that obtained by rf sputtering,6 gives rise to the co- 
existence of domains with perpendicular c axis. The thick- 
ness of the films was determined to be 7000 Ä (mechanical 
step measurement). 

a)Author to whom correspondence should be addressed; electronic mail: 
wolfman@crismat.ismra.fr 

Electrical measurements, registered by the four-probe 
method along the [100] direction of LaA103, evidence a tran- 
sition from an activated state (Ea= 108 meV) to a metallic 
state at T= 240 K as the temperature is decreased. This tran- 
sition is correlated with the onset of ferromagnetic ordering 
at TC=252K. These temperatures are comparable to those 
observed in bulk materials (Tc = 259 K).7 A magnetic field 
of 70 kG, applied in the plane of the film and perpendicular 
to the current 7, gives rise to a CMR (Ro/Rjokc) of 400% at 
T= 200 K. The spontaneous magnetization of this composi- 
tion has been reported to be 564 emu/cm3 at 5 K (neutron 
diffraction7), i.e., locally, the magnetic moments are almost 
completely polarized. The maximum magnetization mea- 
sured was 426 emu/cm3 in a magnetic field of 17 kG at 5 K, 
evidencing the existence of magnetic domains. 

Magnetic and transport measurements presented below, 
were made at a constant field modulus B and at 30 K. The 
direction of B was varied inside a plane containing the sub- 
strate [010] direction and the substrate normal (B±I). SB, 
defined as the angle between the B direction and the sub- 
strate normal, was varied from - 90° to + 90°. Furthermore, 
transport measurements were made as ©ß was varied back to 
-90°. 

The ®B dependence of the resistance and of the magne- 
tization are given in Figs. 1 and 2, respectively, and will be 
discussed together. It should be noted that the measured 
magnetic moment, herein called Mil (see Fig. 2), is the com- 
ponent of the global moment M along the B direction. Thus, 
if ®M is defined as the angle between M and the substrate 
normal, MII = M cos(@M-0ß). The observed decrease of 
Mil at low fields [Fig. 2(b)] results from two effects. First, as 
M rotates out of the plane of the film, the internal field W, 
decreases due to the increase of the demagnetizing field Hd 

[Hd=AirM cos(@M)], leading to a decrease of M. Second, 
as B rotates out of the plane, M tends to follow B, but is 
delayed with respect to B owing to Hd, increasing &M 

-@B. At 600 G [Fig. 1(a)], the resistance presents a large 
hysteresis and two maximum. For B=2500 G the hysteresis 
tends to be restricted around @B = 0°. For a further B in- 
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-90-60-30  0    30   60   90 
0B  (degree) 

FIG. 1. ®B dependence of the resistance in an applied magnetic field equal 
to (a) 600 G, (b) 2.5 kG, (c) 4.5 kG, (d) 5.5 kG, (e) 12.5 kG, (f) 20 kG, and 
(g) 60 kG. 

crease [Figs. 1(c) and 1(d)], a hysteresis develops for higher 
SB, the resistance maximum moving toward ®B = 0. The 
maximum of resistance are expected to arise as M is perpen- 
dicular to the substrate (maximum Hd). The fact that they do 
not appear for @ß = 0 denotes that M is delayed with respect 
to B. A decrease of the resistance is also observed for B 
2*4500 G around ©B = 45° and 0°. For B>7000 G, the re- 
sistance is reversible with respect to SB. The reversibility 
(or the irreversibility) of R(®B) uPon B can be accounted for 
by the magnetic domain wall motion. The M(B) curve at 30 
K with B|| to the film (not shown) indeed presents hysteresis 
of the magnetization for B<3500 G. This hysteresis, due to 
domain wall motion, is thus reversible (irreversible) for B 
>3500G (B<3500G). In the out-of-plane magnetic field 

-90-60-30   0    30   60   90 
0B (degree) 

FIG. 2. &B dependence of Mil (see text) for B = 20 kG (a) and B = 7.5 kG 
(b) (circles) accompanied by the correspondent fits (solid lines) from the 
model (see text). 

5000 10000 15000 20000 
H. (Gauss) 

FIG. 3. H,- dependence of the resistance extracted from the R(®B) curves 
(solid lines) in an applied B of (from bottom to top): 20 kG, 15 kG, 12.5 kG, 
10.5 kG, 8.5 kG, 7.5 kG. In insert, B = 7.5 kG. Also shown in R(H) while 
H is ramped from 0 G to 70 kG and back to 0 G (lines with dots) in the 
plane of the film. 

set up described above, Kd is about 4000 G for B=7500 G 
and ©M=0 [see Fig. 2(b) for SB= -90], leading to an in- 
ternal field of about 3500 G. 

To establish the correlation between @M and ®B at a 
fixed applied field, we have developed a model describing 
M(©5), which takes into account the applied field B, the 
demagnetizing field Hrf, and the magnetocrystalline energy. 
The magnetization was assumed to be homogeneous to de- 
fine Hd. Furthermore, we assumed that M is pointing in the 
direction of the internal field H, (H, = B+Hd). The total 
energy is minimized in a step-by-step calculation, varying 
@B. This model does not account for hysteresic behavior, 
and was then used for B>7000 G. A detailed description of 
the model will be published elsewhere. The calculations re- 
sult in a good quantitative agreement as exemplified by that 
displayed in Fig. 2 (solid lines). Thus, the variation of <dM 

and H, as functions of @B can be calculated by this model. 
We have represented the variation of the resistance ex- 

tracted from the R(&B) curves as a function of H, in Fig. 3 
(the minimum H, is for ®B = 0 and corresponds to the maxi- 
mum Hd). Figure 3 also displays the variation of the resis- 
tance upon a magnetic field H [R(H)], while the latter is 
applied along the [010] direction of the substrate (i.e., H, 
= H), and ramped from 0 to 70 kG and back to 0 G. It 
appears that the resistance extracted from the R(SB) curves 
are much less sensitive to H, than is R(H). R(H) is hyster- 
etic, resulting from a different magnetic state before and after 
the application of a 70 kG field: the number of magnetic 
domains can be assumed to be different, giving rise to an 
increase (decrease) of the scattering rate of the carriers as the 
number of domain walls increases (decreases). The Ä(H,-) 
curves deduced from the R(&B) curves are reversible and 
join the two branches of the R (H) curve as H, varies. This 
indicates a nucleation of magnetic domains as M rotates 
from @M 

=
 0 to ©M=90. The dependence of the resistance 

upon H, (see the inset of Fig. 3) results from the onset of two 
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antagonist effects. As M rotates from 0M = 9O to ®M = 0, H, 
decreases, giving rise to a slight decrease of M. From the DE 
point of view, decreasing M leads to a decrease of the hop- 
ping rate, i.e., an increase of the resistance. However, it has 
been shown that, during the same rotation (0^=90-0^ 
= 0), the number of domain walls decreases, tending to de- 
crease the resistance. The competition between the decrease 
of both M and the number of domain walls explains the not 
monotonous variation of/? upon H,. The 7?(0B= ±90) val- 
ues are systematically higher than the R(H) values from the 
upper branch (field increasing) and can be accounted for by 
the existence of a larger number of magnetic domain walls, 
since the 7?(0B) curves were registered one after the other, 
increasing B. Since R is not monotonous in H,, it appears 
that H; is not the primary factor in determining 7?(0B). 

To investigate the 0M dependence of the resistance, we 
have plotted in Fig. 4 the normalized R(®M) curves for four 
different B. These curves are field independent for ®M 

5=60° and diverge for lower 0M values. Because of the co- 
existence of magnetic domains, there is some deviation of 
the local magnetic moment direction (©„,) with respect to 
the global moment direction (®M); ®M *s tnen the spatial 
average value of the ©m. In a plot displaying the total en- 
ergy as a function of @M for a fixed 0B, there appears two 
local minima with a difference energy AE. The probability 
of a local moment direction to shift from one local minimum 
to the other is related to AE: the lower AE is, the more 
easily @m shifts (AE has to be compared to the energy cost 
E„ of a domain nucleation). The calculation shows that as 
0B decreases, AE decreases and minimizes for 0B = O. Lo- 
cal magnetic direction fluctuations are then favored by a de- 
crease of 0B (which implies a decrease of &M). For a fixed 
0B, AE depends also upon B: the higher B is, the higher 
AE is. In the field independent part of the R(&M) curves, the 
deviations of 0m around ®M are negligible, which implies 
that AE is large compared to En. For 0B<6O°, the R(&M) 
curves separate, and their different shapes are thus due to 
different AE (for a fixed @B and 0M) owing to the different 
applied magnetic fields. If we assume that deviations of 0,„ 
around 0M are negligible for B = 60kG (i.e., 0M=0„ 
= 0B), we can describe the real dependence of the resistance 
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FIG. 4. ®M dependence of the resistance extracted from the R(&B) curves, 
normalized to «(©„= -90°), in an applied B of: 7.5 kG (triangles), 12.5 
kG (circles), 20 kG (solid line) and 60 kG (squares). 

upon M as follows: the resistance is maximum when M is in 
the film plane and is minimum when M is perpendicular to 
the film. At lower fields, the fluctuations of 0,„ around ®M 

imply the creation of magnetic domain walls which take part 
in the observed increase of the resistance around 0B = 0 (in- 
set of Fig. 3). Finally, it has been shown that AMR is not the 
only anisotropic effect involved in CMR thin films; the re- 
sistance also depends upon the direction of the magnetization 
with respect to the crystalline axis. 
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Fabrication of YBa2Cu307_j/SrTi03/Lao.7Sr03Mn03_5 junctions 
for the control of supercurrent by spin-polarized quasiparticle 
current injection 

R. M. Stroud,a) J. Kim, C. R. Eddy, D. B. Chrisey, J. S. Horwitz, D. Koller, M. S. Osofsky, 
and R. J. Soulen, Jr. 
Naval Research Laboratory, Washington, DC 20375 

R. C. Y. Auyeung 
S. F. A. Inc., Largo, Maryland 20774 

Supercurrent suppression by the injection of spin-polarized quasiparticle current from a ferromagnet 
into a superconductor is demonstrated in YBa2Cu3O7_5/SrTiO3/La07Sr03MnO3_(5 junctions at 77 
K. Negative current gains as large as 35 have been observed. The magnitude of the effect depends 
on the net polarization of the injection current, film resistivities, barrier microstructure, and injection 
geometry. Fabrication of the junctions is discussed in terms of optimizing these parameters for 
maximum supercurrent suppression. © 1998 American Institute of Physics. 
[S0021-8979(98)31911-8] 

I. INTRODUCTION 

Trilayer ferromagnet-chemical barrier-high temperature 
superconductor junctions, called spin injection devices, are a 
new direction in superconducting transistors. The spin injec- 
tion devices operate by the disruption of Cooper pair forma- 
tion in the superconductor film due to the injection excess 
spin state quasiparticles from the ferromagnetic film. A small 
injection current can suppress a large supercurrent, produc- 
ing a large negative current gain. 

The spin injection device is the natural extension of ear- 
lier work on injection of spin-polarized currents into normal 
metals1 and low temperature superconductors,2 and unpolar- 
ized quasiparticle injection into superconductors.3 However, 
the possibility of transistorlike devices based on spin- 
polarized quasiparticle injection was only recently investi- 
gated in a study of permalloy/Au/YBa2Cu307_5 junctions.4 

All-oxide spin injection devices consisting of 
La067Sr033MnO3/La2CuO4/DyBa2Cu3O7 (Ref. 5) and 
La07Sr03MnO3_5/SrTiO3A'Ba2Cu3O7_5 (Ref. 6) junctions 
have since been investigated. 

The potential advantages of superconducting transistors 
have inspired many different types of devices.7 None has yet 
to exhibit all of the necessary characteristics for bridging the 
gap between research tool and useful application. Each fails 
in either reproducible fabrication, gain, power handling, or 
speed. Spin injection devices offer the potential for increased 
speed and gain compared to existing devices. 

Spin injection devices are also an exciting system in 
which to study nonequilibrium superconductivity and spin 
dynamics. It should be possible to measure the spin diffusion 
length of a superconductor simply by varying the film thick- 
ness in these devices. Devices with film thickness greater 
than the spin diffusion length would exhibit less supercurrent 
suppression because spin flip scattering would decrease the 
net polarization of the injected quasiparticles. For anisotropic 

"'Electronic mail: rms@ccf.nrl.navy.mil 

superconductors such as YBa2Cu307_5, the spin diffusion 
length could be measured along each axis independently by 
changing the injection direction. 

The suppression of supercurrent by spin injection must 
be unambiguously demonstrated before spin injection de- 
vices can become either useful superconducting transistors or 
an arena for the investigation of nonequilibrium supercon- 
ductivity. In this article, supercurrent suppression in a 
YBa2Cu3O7_(5/SrTiO3/La07Sr03MnO3_(5 trilayer junction is 
demonstrated, and the fabrication and material issues neces- 
sary for producing the optimum spin injection effect are out- 
lined. 

II. PROCEDURE 

La07Sr03MnO3_5 (LSMO) films were deposited on 
(100) SrTi03 single crystal substrates by pulsed laser depo- 
sition (PLD). Typical deposition conditions were: a 750 °C 
substrate temperature, a 200 mT 02 atmosphere, and 2 J/cm2 

laser fluence. The resultant 1000 Ä thick films were pat- 
terned into 100-150 /urn wide microbridges. The patterning 
was performed using wet-etch photolithography, with a 
100% HC1 etch solution. After patterning, the LSMO films 
were annealed at 800 °C to remove surface impurities and 
lower the contact resistance. 

The insulating barrier and superconducting films were 
deposited sequentially through a rectangular shadow mask 
by PLD. The barrier was either SrTi03 (STO) or Ce02, 50- 
400 Ä thick, deposited at 750 °C in 300 mT 02. The super- 
conductor was YBa2Cu307_,5 (YBCO), 500-1000 A thick, 
deposited at 790 °C in 320 mT 02. The YBCO was patterned 
into a microbridge by wet-etch photolithography, to produce 
a YBCO-LSMO cross with a square junction area of 
104 /im2. A schematic of the device is shown in Fig. 1. 

The suppression of YBCO supercurrent was determined 
by measuring the transport critical current at 77 K as a func- 
tion of current through the junction. 
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FIG. 1. Junction schematic. 

III. RESULTS 

The suppression of critical current in a YBCO/400 Ä 
STO/LSMO device is shown in Fig. 2. For an injection cur- 
rent (7inj) of 2 mA, the critical current of the YBCO (Ic) is 
reduced from 97 to 27 mA. 

The current gain of the device is obtained from the slope 
of the plot of critical current versus injection current (Fig. 3), 
A/c/A/inj. For the 400 Ä barrier device, the gain was -35. 
In comparison, the suppression of critical current by resistive 
heating due to a current along the axis of the microbridge in 
the LSMO film, i.e., no injection, results in a gain of - 6. 

IV. DISCUSSION 

The key issue for operation of the spin-polarized quasi- 
particle injection devices is the delivery of highly polarized 
injection current into a narrow region of the superconductor. 
This provides the greatest density of excess spin state quasi- 
particles to suppress the superconductivity. Suppression of 
the superconductivity by dynamical effects not related to 
spin-polarized injection, such as resistive heating, must be 
minimized or eliminated to obtain a clear interpretation of 
the spin injection effect. As shown in Fig. 2, however, both 
spin-polarized injection and resistive heating contribute to 

Increasing injection current' 

B, 
© 
« 

> 

YBCO (mA) 

Suppression due to heating 
gain = Alc/AlLSM0 = -6 

FIG. 3. Critical current vs injection current. 

the observed negative current gain (Fig. 3). Careful consid- 
eration of the materials processing and device design param- 
eters is needed so that the spin injection effect may be quan- 
tified, understood, and optimized. 

There are several ways in which the spin-polarized cur- 
rent can be injected. Depending on the particular insulating 
barrier thickness and microstructure, the injection will occur 
by tunneling, capacitive coupling, defect mediated processes 
such as pin holes or conduction at grain boundaries, or some 
combination of these processes. Only tunneling, pin holes, or 
grain boundary current will preserve a high degree of spin 
polarization; capacitive coupling does not preserve the polar- 
ization because no current flows from the ferromagnet to the 
superconductor. For thick barriers (100 Ä), tunneling is not 
significant, so the spin-polarized injection current must be 
defect-mediated transport. For very thin barriers (<100 Ä), 
there may be both pin hole injection current and tunneling 
injection current. For the 400 Ä thick barrier device, the 
asymmetric s-shape of the barrier current-voltage (I-V) 
curve (Fig. 4) indicates that the transport is defect-mediated, 
possibly due to pin holes and interface defects. 

The maximum suppression will occur when the current 
density of the spin-polarized quasiparticles is highest. High 
injection current densities relative to the YBCO supercurrent 
can be achieved by minimizing the width of the LSMO mi- 
crobridge relative to the YBCO microbridge width. Increas- 
ing the injection current to obtain high current density is not 
desirable, because Joule heating from a large current could 
raise the temperature of the superconductor, and lower the 
critical current. For this reason we have adopted the YBCO/ 
STO/LSMO cross-stripe sandwich geometry. The junction is 

3 u 

pa - 

FIG. 2. Voltage vs YBa2Cu307_a supercurrent. The critical current de- 
creases from 97 mA for no injection current to 27 mA for an injection 
current of 2 mA. 

Barrier Voltage (V) 

FIG. 4. Current vs voltage for the trilayer junction. 
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constrained to a rectangle defined by the overlap of the 
LSMO and YBCO microbridges. No other contact is made 
between the LSMO and YBCO, expect potentially along the 
LSMO step edges, if the barrier does not provide uniform 
coverage. The step edges must be very gradual to provide 
uniform coverage with very thin barriers. The slope of the 
wet-etched LSMO edge measured by profilometry was 
0.1 /am/10/u,m=0.01, sufficiently gradual to uniform cover- 
age by the barrier. 

The insulating barrier has two functions—to chemically 
protect the superconductor and to spread the injection current 
so that it can suppress the conductivity uniformly. If the 
superconductor itself is nonuniform, suppression will occur 
preferentially along weak links. Only an insulating barrier 
can ensure that the injection current reaches the weak links; a 
metallic barrier would allow the injection current to find the 
path of least resistance around the weak links. It is possible 
for the device to operate by injection through a distribution 
of pin holes in the barrier into a network of weak links, and 
because the area of the pinholes is small compared to the 
junction area the current density could be further increased. 

The maximum current gain due to spin injection will 
occur in devices with 100% spin-polarized injection, but 
100% spin-polarized injection current is not required in order 
to observe a spin injection effect.4 No disruption of the su- 
perconductivity will result from minority spin state quasipar- 
ticles, assuming they form Cooper pairs with majority spin 
state quasiparticles and the energy released in pair formation 
is removed from the superconductor in the form of phonons. 
The remaining excess majority spin state quasiparticles will 
continue to suppress the superconductivity. In this case, a 
larger injection current would be required to observe the sup- 
pression because a reduced fraction of the quasiparticles 
would be available to suppress the superconductivity. 

The net polarization of the injection current in the super- 
conductor depends on the net polarization at the ferromagnet 
and the number of spin flip scattering events that occur be- 
tween the ferromagnet and superconductor. Complete polar- 
ization of the injection current is only possible if the injec- 
tion source is 100% polarized, and no spin flip scattering 
events occur in the barrier, or at the LSMO-STO and STO- 
YBCO interfaces. Even if the injection current is 100% po- 
larized at the source, a reduction in the spin polarization 
could occur at the film interfaces as a result of spin glass 
formation due to interdiffusion or oxygen vacancies. Spin 
flip events at bulk defects in the barrier are also possible. 

Because spin scattering cannot be completely eliminated 
in the barrier and at interfaces the injection current in the 

superconductor will never have 100% net polarization. How- 
ever the polarization is maximized through the use of a 
highly polarized injector, such as LSMO, and a thin chemical 
barrier. In earlier spin injection experiments, the injection 
source was permalloy, which provided a maximum polariza- 
tion of 40%, which was sufficient to observe supercurrent 
suppression. Half metallic ferromagnets, such as Cr02 or 
LSMO and other rare earth manganites, are ideal choices for 
injectors because they carry 100% spin-polarized current, 
and they are more compatible for growth and processing 
with YBCO than traditional metal ferromagnets because of 
their oxide structures. 

A major obstacle to quantifying the suppressive effect of 
the spin polarization of the injected current is the similar 
suppression produced by simple resistive heating. From the 
current gain plotted in Fig. 3, it is clear that heating is a 
significant effect in the junction with a 400 Ä thick barrier, 
even when the current is restricted to the LSMO. To lower 
the heating, the input power must be lowered. This can be 
achieved by decreasing resistances of the barrier, the injec- 
tor, and the interfaces. The input power could also be low- 
ered by decreasing the injector microbridge width, producing 
higher current density at lower injection currents. 

V. SUMMARY 

The control of superconductivity in YBa2Cu307_(5 by in- 
jection of spin-polarized quasiparticle current offers the pos- 
sibility of a new type of superconducting transistor. Super- 
current suppression has been demonstrated in 
YBa2Cu307_5/SrTi03/Lao7Sr03Mn03_Ä/ junctions. Current 
gains as large as — 35 have been observed. The materials and 
fabrication issues that affect the size of the observed gain, 
including the mode of current injection, the polarization of 
the injection current, the structure of the barrier, device ge- 
ometry, and resistive heating have been investigated. 
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Magnetism and colossal magnetoresistance in the compound Sr^MnSb^ 
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The magnetization and resistivity of single crystals of the ferromagnetic compound Sr14MnSb1 { are 
measured as functions of magnetic field, temperature, and crystal orientation. The uniform magnetic 
susceptibility is used to identify Tc=39 K. The ferromagnetic state is found to have a hard axis 
(c axis) anisotropy. The resistivity data place the compound in the class of colossal 
magnetoresistance (CMR) materials such as Ca-doped LaMn03. The data are also compared to the 
related CMR material Eu14MnSbu. © 1998 American Institute of Physics. 
[S0021-8979(98)45211-3] 

I. INTRODUCTION 

Recently, we have shown that the compounds 
Eu^MnSbn1 and Eu14MnBi11

2 can be classified as colossal 
magnetoresistance (CMR) materials.3 In CMR materials, the 
magnetoresistance is much larger than for simple metallic 
ferromagnets, such as Fe and Ni, and is largest in a region of 
temperature where there are large ferromagnetic spin fluctua- 
tions and Tc appears to mark a metal-insulator transition. 
These two compounds are part of a large set of isostructural 
compounds with the formula A14MPnn (A=Ca, Sr, Ba, Eu, 
or Yb, M=A1, Ga, In, or Mn, and Pn=P, As, Sb, and Bi).4 

They crystallize in the space group 74 j /acd and have a te- 
tragonal unit cell with eight formula units in the cell. This 
series of compounds with M=A1, Ga, or In belong to the 
class of Zintl compounds.5 Zintl phases are composed of      moments coupled ferromagneticallyy with (-0>1OK). In 

ing compounds have been studied7'8 in the greatest detail. 
There is a metal-insulator (M-I) boundary between the 
Pn=As compounds [semiconductors with resistivity p(T 
= 300K)>few thousand /JLQ. cm and negative dp/dT] and 
the Pn = Sb compounds [semimetals with p(r=300K) of 
order 1000 /ut£l cm but dp/dT, still slightly negative at high 
T]. The Pn=Bi compounds are the most conducting [p(T 
= 300K) of order 100 /zu cm and dp/dT, positive] of all 
but can still be considered to be near a M-I boundary. Near 
neighbor Mn spins in the conducting compounds all have 
fairly strong ferromagnetic exchange coupling and order at 
temperatures between 10 and 100 K. The Mn spins in the 
semiconducting As compounds have an exchange coupling 
which is quite weak (Curie-Weiss 6<0.5 K); however, un- 
der hydrostatic pressure even these As compounds have Mn 

electropositive ions which donate electrons to the more elec- 
tronegative components forming covalent bonding networks 
or closed shell anions. Because Zintl compounds are salts, 
the main group Zintl phases are all expected to be insulators 
(possibly with small band gaps); in particular, the main 
group compounds isostructural to Sr14MnSbn are all known6 

to be semiconducting. Since all of these phases are isostruc- 
tural, one might expect the Mn compounds to be semicon- 
ductors with local moments on the Mn. However, most of 
the compounds containing the transition metal Mn are con- 
ducting, have ferromagnetic exchange coupling, and display 
an intimate connection between the conductivity and the 
magnetism. The conductivity is unexpected because the ma- 
terials are salts made up of isolated cations and isolated an- 
ion complexes and conducting paths are not apparent. In ad- 
dition, the high magnetic transition temperatures are 
unexpected because the Mn3+ ions, which are tetrahedrally 
coordinated with four Pns, are quite isolated from their 
neighboring Mn ions, about 11 Ä interionic spacing for the 
Mn. 

The importance of the Mn to both the magnetism and the 
conductivity is illustrated in an examination of the gross 
properties of the series, of which the alkaline earth contain- 

a'Electronic mail: webb@physics.ucdavis.edu 

this article we examine the magnetization and resistivity of 
one of these compounds, Sri4MnSbn, and compare with 
Eu14MnSbn. 

II. DETAILS OF THE EXPERIMENTS 

The measurements were performed on needlelike 
(0.1 mm X 0.1 mm XI mm) single crystals with the needle 
long axis coincident with the tetragonal c axis. These needles 
were grown from the elements by loading stoichiometric 
quantities of the elements into Ta tubes in a drybox. The 
tubes are welded shut and then sealed in quartz tubes under 
vacuum. The sample is then placed in a zone furnace in a 
temperature gradient of about 10 °C/cm at an average T 
= 1000-1250 °C for several days. The sample was exam- 
ined in a drybox and appropriate needles were removed for 
measurement. 

The magnetization data were acquired with a quantum 
design superconducting quantum interference device 
(SQUID) magnetometer with a temperature range of 2 K 
<T<300 K and a magnetic field range of -5 T<H<5 T. 
A single needle shaped crystal was mounted at the center of 
an Al rod about 12 cm long which is then sealed under 
vacuum inside a thin quartz tube. The needle axis was ori- 
ented either parallel to the applied magnetic field (//para) or 
perpendicular (Hperp). The absolute value of the magnetiza- 
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FIG. 1. Volume magnetic susceptibility (emu/cm3) of a single crystal of 
Sr14MnSbn as a function of the temperature for two orientations of the 
applied field in relation to the c axis of the crystal. 
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FIG. 2. Magnetic hysteresis loops at T= 5 K for two orientations of a single 
crystal of Sr14MnSbn. 

tion is determined by the volume of the crystal which is a 
quantity we cannot measure well. Given this problem we 
have chosen to normalize the magnetization data so that the 
saturation magnetization, Ms, at the lowest T is appropriate 
for the 4 /xB present on the Mn+3 ion. This is consistent with 
Ms for the powder samples we have measured6'7 in the past. 
The electrical resistivity measurements were performed in 
the same instrument in the same orientation of the crystal 
with the same ranges of temperature and field. Four leads 
were attached along the length of the crystal with silver paint 
for the resistivity measurements. Because of the geometry of 
the crystal the current, /, is always applied along the c axis 
of the tetragonal cell but magnetic field may be applied ei- 
ther parallel or perpendicular to /. 

nomena in these samples problematic and we do not attempt 
it here. In Fig. 2 we show the hysteresis loops for #para and 
//perp. Again, one sees the results of the magnetically hard c 
axis. 

IV. ELECTRICAL RESISTIVITY 

Figure 3 shows the measured resistivity as a function of 
T and H applied perpendicular to the c axis, that is, H is 
applied along an easy direction. The zero field resistivity 
rises as T is decreased then drops at or near Tc in a manner 
which is roughly similar to many other CMR materials3 in- 
cluding Eu^MnSbn. This behavior is generally character- 
ized as a semiconductor to metal transition which occurs at 
or near Tc. This characterization is made clearer in Fig. 4 

III. DC MAGNETIZATION AND SUSCEPTIBILITY 

In Fig. 1 we show ^ as a function of T both for Hpara to 
the c axis and //perp- We will call these xpara and Xperp* 
respectively. The data with //para do not need a demagneti- 
zation correction and the data for /7perp have not been cor- 
rected for demagnetization because the cross-sectional area 
is not simple and is not constant over the length of the 
sample. One sees that there is a very strong anisotropy with 
the c axis being a magnetic hard axis. Note that this crystal- 
line anisotropy dominates the shape anisotropy of the needle. 
This is in contrast to Eu^MnSbn1 for which the c axis was 
an easy axis. One can identify Tc= 39 K, from these data, as 
the temperature where there is a kink in the measured 
Xperp(T)- If the assumption is made that ^perp is demagneti- 
zation limited below Tc then the demagnetization factor is 
0.2 which is probably reasonable but slightly larger than the 
expected value of 0.16 for the thin wire geometry. The ir- 
regular shape of the crystal, the large demagnetization factor, 
and the scatter in the magnetic moment data on these very 
tiny single crystals make a detailed analysis of critical phe- 
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FIG. 3. Resistivity of Sr14MnSb] ] as a function of temperature for six values 
of magnetic field applied in the easy direction (flperp). 
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FIG. 4. Natural logarithm of the resistivity of single crystals of Sri4MnSbn 

and EU]4MnSbn as a function of 1000/T. Each of these compounds has an 
activated conductivity at high temperatures. 

which shows that the high temperature zero field resistivity 
of Sr14MnSbn follows, at highest T, the simple form for 
activated conduction. This figure also shows the data for 
Eu14MnSbn which obey the simple form for T nearly to Tc. 
We note that the values of the activation energy one gets 
from Fig. 4 are quite small (few meV). It seems likely that 
these are not band gap energies but the results of electron- 
electron correlations as in coulomb gap materials and/or 
Kondo insulators. In any case, this form is inconsistent with 
variable range hopping conductivity4 seen in the La manga- 
nites. Variable range hopping is not expected in this family 
of Zintl compounds because they are ordered stoichiometric 
compounds. 

V. SUMMARY 

We have shown that the compound, Sr14MnSb11, has a 
very large negative magnetoresistance in the vicinity of the 
Curie temperature. In addition, there appears to be a change 
from semiconductorlike behavior in the electron transport at 
high T to metallic behavior at low T to metallic behavior at 
low T. For these reasons, we place this compound in the 
class of CMR materials. 
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Polycrystalline and laminated La0.7Sr0.3MnO3 films made by pulsed 
laser deposition 
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Highly smooth and paniculate free relatively thick polycrystalline Lao.7Sr0 3Mn03 films out to 6 fim 
thick have been grown by shadowed pulse laser deposition at 30 Hz (248 nm, 500 mJ). Such films 
exhibited a low field and high field magnetoresistance as previously reported by a number of groups. 
Multilayer films made with alternating 8-nm-thick barium ferrite and 16-nm-thick Lao .7Sr0 3Mn03 

laminations exhibited the same high field response, but did not exhibit the low field 
magnetoresistance component. This is consistent with the low field component arising from 
intergrain scattering. Patterned films have been simultaneously deposited onto R-plane, C-plane, 
and polycrystalline alumina substrates. The films were postannealed at 750 K in 200 Torr 02 for 45 
min. The low field magnetoresistance was most pronounced for the single layer films made onto 
C-plane sapphire and then polycrystalline alumina substrates. The films exhibited a broad maximum 
in resistivity versus temperature at 162, 210, and 218 K for films grown onto R -plane sapphire, 
C-plane sapphire, and alumina substrates, respectively. Restricted grain size films made with 
Lag 7Sr0 3Mn03 and barium ferrite laminations exhibited a single linear magnetoresistance response 
of — 0.43%/kOe for in plane applied fields of ± 10 kOe. © 7998 American Institute of Physics. 
[S0021-8979(98)45311-8] 

I. INTRODUCTION 

Although La-manganite bulk samples exhibit a large 
magnetoresistance at relatively low temperatures,1 the nar- 
rowness of the transition region as a function of temperature, 
and the high multi-Tesla magnetic field values required for 
saturating the magnetoresistance have precluded applica- 
tions. Over the last several years a number of groups have 
reported broadened transitions for polycrystalline films with 
enhanced low field magnetoresistance.2-5 The enhanced low 
field magnetoresistance in polycrystalline films has been at- 
tributed to either intergrain spin polarized tunneling,3 or to 
spin-dependent scattering of polarized electrons at the grain 
boundaries.5 An important attribute of the polycrystalline 
samples is that magnetoresistive response extends over a 
wide temperature range. Such a wide temperature response 
of the magnetoresistance is critical to the development of the 
La manganites for technological devices. The Sr substituted 
Lao.7Sr0 3Mn03 for polycrystalline samples exhibits a broad 
transition with appreciable magnetoresistance in the vicinity 
of room temperature and consequently is attractive for mag- 
netic sensor applications. For device applications it is also 
necessary that other materials such as soft magnetic films be 
deposited which exhibit compatible processing properties 
with the La manganites. This presents processing problems 
since oxide materials generally require relatively high pro- 
cessing temperatures compared to metallic magnetic films. In 
this article we demonstrate two things necessary for La- 
manganite device applications. One is that the low magnetic 
field response of Lao 7Sr0 3Mn03 films can t>e controlled, and 

^Electronic mail: fred_cadieu@qc.edu 

linearized by using layered film strips. The low field magne- 
toresistance was made linear without changing the tempera- 
ture of the resistance maximum by laminating the 
Lao.7Sr0 3Mn03 deposit with highly resistive barium hexafer- 
rite film layers. The second is that high magnetization and 
highly corrosion resistant Fe0.8Co0 2 films can be deposited in 
conjunction with the La manganites to provide magnetic flux 
paths as well as electrical contacts. In previous studies poly- 
crystalline versus epitaxial films have been studied.4 In this 
study polycrystalline samples have been studied in which the 
intergrain coupling has been changed by laminating with re- 
sistive barium ferrite layers to isolate the grains. Single and 
multilayer films were made by pulsed laser deposition (PLD) 
that exhibit large differences in the temperature of the resis- 
tance maximum as well as different low field magnetoresis- 
tive responses. 

II. EXPERIMENT 

PLD utilizing a Lambda Physik 305Fi excimer laser has 
been used to deposit La-manganite films from a set of bulk 
compound targets. In addition, a multitarget carousel has 
been used in some cases to allow the alternate deposition of 
barium hexaferrite films in conjunction with La-manganite 
film layers. The films were deposited using a wavelength of 
248 nm, pulse energy of 500 mJ, at 30 Hz, with an estimated 
pulse width of 15 ns. A shadow mask has been used to shield 
part of the substrate during the PLD process. In this manner 
the number of particulates reaching the substrate in and out 
of the shadow region could be observed. Very fine grained, 
<300Ä, highly (130) textured films were grown in 120 
mTorr 02 behind a shadow plate at an average rate of 6 A/s 
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FIG. 1. The normalized resistances measured in zero field for a set of 
Lao7Sr03Mn03 films simultaneously made onto Ä-plane sapphire, C-plane 
sapphire, and polycrystalline alumina substrates are shown as a function of 
temperature. 

simultaneously onto C-plane, 7?-plane sapphire, and poly- 
crystalline alumina substrates. The films discussed here were 
deposited using a substrate temperature of 750 °C in 120 
mTorr of flowing oxygen. Low field magnetoresistance mea- 
surements were made using a standard four-terminal tech- 
nique, and in other cases using FeCo sputtered film magnetic 
flux paths which also acted as the electrical connections to 
the La-manganite film strips. During the PLD deposition pat- 
terned La-manganite films have been directly deposited by 
using alumina contact masks to only expose a strip of the 
substrates. Film thicknesses, grain sizes, and the presence of 
particulates has been studied using a scanning electron mi- 
croscope (SEM). Film compositions were determined by 
electron excited x-ray spectroscopy in the SEM. Magnetiza- 
tion measurements were made using a vibrating sample mag- 
netometer. 

As a means of making electrical as well as magnetic 
field circuit connections to La-manganite films, sputtered 
films of Fe0.8Co0.2 have been used in most cases. The sput- 
tered Feo.gCoo.2 films exhibited an in plane intrinsic coerciv- 
ity of 18 Oe and a saturation flux density of 24 kG as deter- 
mined by extrapolating the perpendicular to the plane 
measurements to the in plane saturation flux density. The 
FeCo films were diode sputter deposited in 17 mTorr Ar at 
150 °C. A key feature of these FeCo sputtered films was 
their corrosion resistance which made it possible to reoxy- 
genate La-manganite films without changing the electrical, 
magnetic, and appearance properties of the in-plane FeCo 
sputtered films. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the resistance of strips of Lag 7Sr0 3Mn03 

films that were simultaneously deposited as masked strips 
onto R -plane sapphire, C-plane sapphire, and polished poly- 
crystalline alumina substrates. The films were deposited at 
substrate temperatures of 750 °C in 120 mTorr 02 using a 
stainless steel shadow between the target and substrates. The 
films were thus relatively particulate free and highly smooth. 
The resistances shown in the figure are normalized to the 
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FIG. 2. The normalized resistances measured at 293 K are shown as a 
function of in-plane applied magnetic field for the same set of substrates as 
shown in Fig. 1. 

maximum value at the resistance maximum. The temperature 
of the resistance maximum and strip resistance at the maxi- 
mum were for Ä-plane sapphire 162 K and 3.58 kfl, for 
C-plane sapphire 218 K and 2.41 kfl, and for polycrystalline 
alumina 210 K and 1.48 kfl. The resistance maximum for 
the films deposited onto C-plane and polycrystalline alumina 
occurs at a temperature of 56 and 48 K higher, respectively, 
than that for the #-plane substrate. Figure 2 shows the low 
field in plane magnetoresistance of these films as measured 
at 293 K. The resistances are shown normalized to the zero 
field response to illustrate the contrasting behavior of the 
R -plane sapphire, C-plane sapphire, and alumina substrates. 
The strip resistances at 293 K, respectively for R-plane sap- 
phire, C-plane sapphire, and polycrystalline alumina were 
2.01, 2.06, and 1.28 HI The film deposited onto the poly- 
crystalline alumina substrate exhibited a resistance of only 
62% of that of the C-plane sapphire substrate sample. The 
low field response of the inexpensive polycrystalline alumina 
substrate sample is comparable to that of the C-plane sap- 
phire substrate sample. No evidence for any hysteresis in the 
magnetoresistance was observed for any of these samples in 

-8-6-4-2 02468 

Applied Field (kOe) 

FIG. 3. Room temperature hysteresis loops are shown for a polycrystalline 
Lap 7Sr0 3Mn03 film deposited onto an alumina substrate. 
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FIG. 4. Normalized resistances as measured at 293 K for LaQjSrg^MnC^ 
films made with and without barium ferrite laminations, 2:1 thickness ratio, 
are shown. 

this temperature range. Low field magnetoresistance at room 
temperature, 20 °C, exhibited an enhanced (l/R)(AR/AH) 
of -2.2%/kOe for #<0.25/kOe, and an overall (1/Ä) 
X(AJ?/A#)=-0.24%/kOe up to 20 kOe. The low field 
magnetoresistance was least for the R -plane sapphire sample. 
Room temperature hysteresis loops for a Lao ,7Sr0 3Mn03 fil

m 

made onto an alumina substrate are shown in Fig. 3. The in 
plane coercivity was ^40 Oe. The room temperature 4TTMS 

was indicated to be 3.9 kG by the joining of the perpendicu- 
lar loop to the in-plane loop. 

It has been possible to eliminate the low magnetic field 
peaked magnetoresistance by restricting the size of the 
La07Sr0 3Mn03 grains and by restricting intergrain coupling. 
This was accomplished by making thin Lao 7Sr0 3Mn03 

nrm 

layers alternated with intervening layers of barium ferrite. 
Barium ferrite was chosen since it exhibits a very high resis- 
tivity compared to the Lao 7Sr03MnO3 films, and because it 
offers compatible film processing conditions. Figure 4 shows 
the room temperature normalized magnetoresistance re- 
sponse for La0.7Sr0.3Mn03 films made with and without 
barium ferrite laminations in a 2:1 thickness ratio. The effec- 
tive resistivity of the laminated film was approximately twice 
the resistivity for low temperature processed polycrystalline 
Lao7Sr03MnO3 samples.3 These films were made under the 
same conditions onto polycrystalline alumina substrates. The 
laminated film had a total thickness of 1.4 /an and from 
average deposition per pulse calculations, consisted of 60 
layers of 16-nm-thick LaQ7Sr03MnO3 alternated with 59 lay- 
ers of 8-nm-thick barium ferrite such that the first and last 
layers were Lao7Sr03Mn03. The thickness of the layers was 
determined by SEM measurements of average thickness per 
laser pulse for separate films of Lao.7Sr0.3Mn03 and barium 
ferrite made under the same conditions. The layered film 
samples were made without shadowing by sequentially 
switching between targets with a motorized carousel. The 
substrate temperature in each case was 750 °C in 120 mTorr 
02 followed by 45 min at 750 °C in 200 Torr 02. The inter- 
grain coupling was sufficient to maintain electrical conduc- 
tion, but it has not been possible to directly observe distinct 

layers under SEM examination. The average Lao 7Sr0 3Mn03 

grain size is thus set equal to the average indicated thickness 
of 16 nm. The film made with barium ferrite laminations 
exhibited a linear magnetoresistance of - 0.43%/kOe from 0 
to ± 5 kOe, while the Lao.7Sr0 3Mn03 film exhibited the 
usual low field enhanced magnetoresistance. The barium fer- 
rite layers for the deposition conditions used did not exhibit 
appreciable magnetic properties. Room temperature hyster- 
esis loops for the layered film were similar to Fig. 3 in shape 
and exhibited a similar coercivity as for the Lao.7Sr03Mn03 

film only. The perpendicular to the film plane loop joined the 
in-plane loop at 2.0 kOe indicating an effective 4TTMS for 
the composite structure of 2.0 kG. The barium ferrite layers 
as deposited are thus mainly acting as nonmagnetic resistive 
layers. 

IV. CONCLUSIONS 

It has been shown that Lao.7Sr0 3Mn03 polycrystalline 
films, in which the grain size and intergrain coupling have 
been restricted to an average size of 16 nm by layering with 
resistive barium ferrite, exhibit the usual maximum in resis- 
tivity characteristic of polycrystalline La0.7Sr03MnO3 films. 
A principal difference was that only a single linear magne- 
toresistive response was exhibited from 0 to ± 5 kOe. This 
response was measured at 293 K. This temperature was 83 K 
above the temperature of the resistance maximum for poly- 
crystalline Lao.7Sr03Mn03 films deposited onto alumina sub- 
strates. Reference 3 attributes the low field enhanced magne- 
toresistance to spin-polarized tunneling between grains in 
polycrystalline samples. Tunneling is expected to contribute 
an increased resistivity with increasing temperature5 that is 
not observed for these samples and is not expected to be 
dominant at room temperature. Between grain spin depen- 
dent transport is expected to be restricted in the laminated 
samples. That the low field response is suppressed is thus 
consistent with the cause of the low field magnetoresistance 
as depicted in Ref. 5, spin-dependent scattering of polarized 
electrons at grain boundaries. 
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Lai -xSnxMn0.985Feo.oi503+s 
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Colosssal magnetoresistance (CMR), Mössbauer spectra, and phase compositions of the iron-doped 
manganites, La1_;tSnJtMn0985Feo.oi503 + 5 (x = 03 and 0.5), have been studied. A small amount of 
iron doping modifies the CMR and other magnetic properties of the manganites. 
Lao7Sn03Mn0985Fe00i5O3+5 exhibits CMR; the magnetoresistance coefficient with //=20kOe and 
T=225 K is about 80%. La07Sn03Mn0985Fe0015O3+5 consists of two phases, (LaSn2+)Mn03, or 
AB03, and (LaSn4+)2Mn207, or A2Z?207 • The AB03 phase has a transition from paramagnetism 
to ferromagnetism at 7=225 K. The CMR has its origin in the AZ?03 phase. © 1998 American 

'    Institute of Physics. [S0021-8979(98)27011 -3] 

I. INTRODUCTION 

The colossal magnetoresistance (CMR) in the mangan- 
ites has attracted much attention. These manganites can be 
classified into two categories. One is the perovskite-type 
compound (ABO^) with a chemical formula (R[l^Dj + ) 
X(Mn^_;tMn;+)03 (R=rare-earth and D=Ca, Sr, Ba, Pb, 
and Cd, all divalent).1 The other is the pyrochlore-type com- 
pound (A2B207) with the formula Tl2

+Mn2
+07.2'3 

Recently, it has been discovered that La07Sn03MnO3+5 

exhibits CMR near room temperature (250 K).4 Its magne- 
toresistivity coefficient (classical) is as high as 74% in H 
= 70 kOe. Further investigation shows that the iron doping 
modifies the CMR and other magnetic properties of the man- 
ganites. In this article, studies of CMR, Mössbauer spectrum, 
x-ray diffraction, and ac susceptibility for the iron-doped 
manganites La1_xSnJ.Mn0985Fe0015O3 + (5 (x = 0.3 and 0.5) 
are reported. 

II. EXPERIMENT 

Samples of Lai_xSn^Mn0985Fe0015O3 + Ä (x = 0.3 and 
0.5) as well as La07Sn03MnO3+(5 were synthesized using 
conventional ceramic techniques. A mixture of the oxides 
(La203, Sn02, Mn02, and 57Fe203) of stoichimoetric com- 
position was shaped by pressure and presintered at 800 °C 
for 10 h. Then the samples were sintered at 1200 °C for 20 h 
in air. 

X-ray diffraction (XRD) was performed with a Philips 
diffractometer using Cu Ka radiation. The ac susceptibilities 
were measured at 2.4 kHz in a driving field of 30 mOe rms 
from 4.2 to 300 K. The magnetoresistances were examined at 
4.2-300 K with zero field and a 20 kOe applied field using 
the standard four-probe method. Mössbauer spectra were 
taken between 4.2 K and room temperature with a conven- 
tional constant-acceleration spectrometer. The y-ray source 
was 57Co in a Rh matrix. Calibration was made using an 
a-Fe spectrum. 

III. RESULTS AND DISCUSSION 

A. Magnetoresistance 

The iron-doped sample, La07Sn03Mn0985Feo.oi503+ä, 
exhibits a colossal magnetoresistance. The resistances of this 
compound in zero and in an applied magnetic field of 20 kOe 
are shown as a function of temperature in Fig. 1(a). A small 
amount of iron doping modifies the magnetoresistance effect 
for La07Sn03MnO3+(5. Figure 1(b) shows the temperature 
dependences of the magnetoresistance coefficient, MR 
= -Ap/p(0,r)Xl00%, in #=20kOe for 
Lao7Sn03Mn03+<sand the iron-doped sample. The maximum 
MR is as high as 80% for Lao.7Sn03Mn0985Fe001503+5, but 
only 40% for Lao7Sn03Mn03+(5. In addition, our previous 
work4 has shown that the resistivity, with increasing mag- 
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FIG. 1. (a) Resistance-temperature curves in zero and a 20 kOe applied 
magnetic field for La07Sn03Mn0985Fe00|5O3+,5; (b) the magnetoresistance 
coefficient-temperature curve (circles) and also that for Lao7SnQ3Mn03+ä 

(squares). 
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FIG. 2. X-ray diffraction patterns for (a) La07Sn03Mn0985Fe0015O3+Ä and 
(b) La05Sn05Mn0985Fe00,5O3+Ä. The black and white triangles represent the 
AB03 and A1B101 phases, respectively. 

netic fields, decreases more rapidly for 
La07Sn03Mn0985Fe0.oi503+5 than for La07Sno.3Mn03+5; 
however, in the high field of 70 kOe, the MR is almost the 
same for both. Thus, the iron-doped sample has a larger MR 
in the lower fields. However, the temperature corresponding 
to the maximum MR is shifted toward a lower temperature, 
from 250 K for Lao.7Sn0 3Mn03+(5 to 225 K for the Fe-doped 
sample. 

B. Phase analyses 

The x-ray diffraction patterns for 
La1_J.Sn^Mn0985Fe0.oi503 + 5 with x = 0.3 and 0.5 are 
shown in Figs. 2(a) and 2(b), respectively. For 
La07Sn03Mn0985Fe0oi503+s the XRD lines can be divided 
into two sets, denoted by the open and closed triangles in 
Fig. 2(a). The positions and relative intensities indicated by 
the closed triangles agree well with those for 
Lao8Sr02MnO3. Therefore, this phase is identified as Aß03. 
On the other hand, the positions and relative intensities of the 
remaining lines are almost the same to those for 
Lao.5Sno.5Mn0.985Fe0.oi503+5. 

For La05Sn05Mn0985Fe0015O3+ä, the positions and 
relative intensities of the XRD lines are similar 
to those for La2Sn207 and Tl2Mn207. Hence, 
La05Sno.5Mn0985Feo.oi503+(s appears to be single phase 
A2B207 and La07Sn03Mn0985Feo.oi503+<5is a mixture of the 
two phases, AB03 and A2B207. 

C. Susceptibility 

The ac susceptibilities for La,_xSnxMn0985Fe0.oi503 + 5 

with x = 0.3 and 0.5 are shown in Fig. 3. For the sample with 
x = 0.5, a transition from paramagnetism to ferromagnetism 
is not observed between room temperature and 4.2 K. Only 
small peaks appear at 50 and 65 K; this may imply a spin- 
glass transition as described by Blasco et dl.5 or an antifer- 
romagnetic transition. Their origin is as yet unsolved. 
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FIG. 3. Susceptibility-temperature curves for La07Sn03Mn09g5Fe0015O3+a 

and for La0.5Sn05Mn0985Fe0.015O3+ä. 

Lao.7Sn03Mn0985Fe0.oi503+5 has two magnetic transi- 
tions. One is a transition from paramagnetism to ferromag- 
netism. Based on the maximum slope in dMIdH, the Curie 
temperature is 225 K. The other transition, indicated by the 
arrows in the figure, occurs at 50-65 K, the same as the 
transition temperature for the sample with x = 0.5. Thus, it is 
concluded that the transitions observed at 225 K and at low 
temperature are associated with the AB03 and A2J5207 

phases, respectively. 

D. Mössbauer spectra 

The Mössbauer spectra of La1_J.Sn^Mn0985Fe0015O3 + ä 

with x = 0.3 and 0.5 from 300 to 4.2 K together with 
computer-fitted subspectra are shown in Fig. 4. The fitted 
Mössbauer parameters at T= 4.2 K are listed in Table I. The 
isomer shifts are about 0.34-0.37 mm/s at room temperature 
and about 0.50 mm/s at 4.2 K for both the AB03 and 
A2B201 phases. This implies that all Fe ions have ferric 
valency (Fe3+). 

The Mössbauer spectra of the sample with x = 0.5 
(A2B207) are a paramagnetic doublet from room tempera- 
ture to 65 K. The doublet starts to disappear and become a 
sextet between 65 and 50 K. The Mössbauer spectrum of the 
sample with x = 0.3 has two paramagnetic doublets at room 
temperature. The inner doublet is associated with the AB03 

phase and the outer doublet with the A2B207 phase. The 
inner doublet starts to become a sextet below 230 K. How- 
ever, the outer doublet remains until T= 65 K. Only below 
65 K does the outer doublet disappear; the spectra thus con- 
sist of two sextets, consistent with the previous results. 

The Mössbauer spectrum of the sample with x = 0.3 with 
7=4.2 K and an applied longitudinal field of 50 kOe is 
shown in Fig. 4(e). The hyperfine field, Hh£Ha), in the pres- 
ence of the applied magnetic field, Ha, is given by 

Hhf(Ha) = [Hbf(0)2 + H2
a + 2Hbf(0)Ha cos 6]m,       (1) 

where Hh£0) is the hyperfine field in zero applied field and 
6 is the angle between Hhf(0) and Ha. The angle d can also 
be obtained from the ratio of the 2nd plus 5th to the 3rd plus 
4th line areas by 
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1.033 
1.027 

1.085 
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1.010 

Lao 5Sno 5Mn0 9B5Fe0.oi503+j 
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FIG. 4. Mössbauer spectra of (a) La05Sn05Mn0985Fe0015O3+Ä at 7=4.2 K, 
and of Lao.7Sn0.3Mn0.985Feo.oi503+Ä at (b) T=300K, (c) r=77K, (d) T 
= 4.2 K, in zero field, and (e) at 7=4.2 K in a longitudinal applied field of 
50 kOe. 

= COS 
4 -A 2j51A 3,4 

4+A2t5/A 3,4 
(2) 

For the AB03 phase, Hhf(Ha) is just equal to a sum of 
Hhf(0) and //a. Hence, d=0 obtained from Eq. (1) is con- 
sistent with the disappearence of the 2nd and 5th lines. These 
results show that all Fe moments are collinear but antiparal- 
lel with the applied field. Further, since AB03 is ferromag- 
netic, the Fe ions are antiparallel to the Mn ions, which have 
a ferromagnetic structure. The antiferromagnetic Fe-O-Mn 
superexchange interaction can weaken the double exchange 
interaction between Mn3+ and Mn4+ ions, as described by 
Leung et al.7 As a result, the Curie temperature is reduced 
for the Fe-doped sample. 

TABLE I. Mössbauer parameters of La|_JSnl.Mn0985Fe0015O3 + Ä (x = 0.3 
and 0.5) in zero and a 50 kOe applied field, H„ , at 7=4.2 K. Here, S is the 
isomer shift with respect to a-Fe, e is the quadrupole splitting, Hhf is the 
hyperfine field, and b is the ratio of the 2nd plus 5th to the 3rd plus 4th. 

//„ = 0kOe 
Sample Phase S (mm/s) e (mm/s) HM (kOe) b 

* = 0.5 A2B207 0.50(3) -0.46(3) 474(3) 2.0 
* = 0.3 A2B201 0.51 -0.64 474 2.0 

ABO, 0.50 0.03 
//„ = 50kOe 

525 2.0 

x = 0.3 A2B201 0.47(3) -0.41(3) 514(3) 1.30 
ABO, 0.56 0.04 576 0.0 

For the A2B207 phase, the Mössbauer subspectrum is 
still a sextet in an applied field of 50 kOe; therefore the 
antiferromagnetic coupling between the Fe moments is ex- 
cluded. The nonzero 2nd and 5th lines imply that the Fe 
moments are noncollinear. The average angle (f?) is esti- 
mated to be about 36° from Eq. (1) and about 44° from Eq. 
(2). Therefore, the Fe moments in the A2B201 phase may be 
either canted with ferromagnetic coupling or be in a spin- 
glass state. 

IV. CONCLUSIONS 

A small amount of iron doping modifies the CMR 
and other magnetic properties of the manganites. 
La07Sn03Mn0985Fe00|5O3+Ä exhibits CMR; the magnetore- 
sistance coefficient in H=20 kOe and at T=225 K is about 
80%. La05Sn05Mn0985Fe0015O3+5 is a single phase with the 
A2B207 structure and La07Sn03Mn0985Fe0015O3+5is a mix- 
ture of the AB03 and A1B201 phases. The AB03 phase is 
associated with a transition from paramagnetism to ferro- 
magnetism at 7=225 K and the A2B207 phase with another 
transition between 50 and 60 K. Hence, the CMR has its 
origin in the AB03 phase. 
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We have performed electron spin resonance (ESR) and dc susceptibility, Xdc(T)» measurements in 
La0 7Cao 3Mn03 perovskite up to 1000 K. This is adequately described in the paramagnetic regime 
in the constant coupling approximation assuming an effective Heisenberg-like pair interaction. The 
ESR linewidth is given by Mipp(T) = AHpp(<x>)[C/Tx(T)]. The ESR intensity follows the T 
dependence of Afdc<T)- We conclude that the relaxation mechanism is essentially the same for the 
whole studied paramagnetic range. The observed behavior reflects the progressive importance of 
magnetic clustering on approaching Tc. We have found similar T dependence for Lao 7Sr0 3Mn03 

and Lao7Pb03Mn03 perovskites, and also for the pyrochlore In2Mn207. © 1998 American 
Institute of Physics. [S0021-8979(98)27111-8] 

The discovery of "colossal" magnetoresistence (CMR) 
in manganese oxides has renewed the interest in this kind of 
material. Perovskites Aj^A^MnC^ (A=La,...;A'=Ca,Sr,...) 
with x=0.3 exhibit CMR effects near the paramagnetic (PM) 
to ferromagnetic (FM) transition temperature, Tc. These ox- 
ides show electron spin resonance (ESR) lines in the PM 
phase with large variations as a function of T and a large 
increase in intensity near Tc reflecting the dependence of the 
static susceptibility.1"3 However the agreement between the 
measured intensities and a Curie-Weiss (CW) law was not 
satisfactory above 500 K. Simultaneously a change in the 
slope of the linewidth, A//pp vs T was observed. It was 
suggested1 that these effects may be due to the formation of 
Mn3+-Mn4+ spin clusters when Tc is approached from 
above. On the other hand, a possible mechanism related to a 
crossover from a bottlenecked regime where Mn3+ and 
Mn4+ are strongly coupled to an isothermal one where a 
decrease of the ESR intensity may be expected has been 
discussed.3 Studies in an extended temperature range were 
required2'3 in order to correlate these observations with the- 
oretical models for CMR involving double exchange and 
electron-phonon interactions. We have performed ESR and 
magnetization measurements up to 1000 K, including the 
pyrochlore In2Mn207 to compare the properties of ferromag- 
netic Mn oxides with different crystalline structures. 

Ceramic samples of Lao 67Cao 33Mn03 
were prepared 

from the oxides by standard methods. Structure and phase 
purity were checked by powder x-ray diffraction. A single 
crystal of Lao67Pb033MnO3 was also measured. Pyrochlore 
In2Mn207 was prepared through solid state reactions under a 

pressure of «35 kbar as described in Ref. 4. The dc magnetic 
susceptibility, Xdc(r)> was measured using a Faraday bal- 
ance and a SQUID magnetometer. ESR measurements were 
performed at «=1.2, 9.4, and 34 GHz with an ESP-300 
Bruker Spectrometer from 100 to 300 K. For 9.4 GHz the 
measurements were extended up to 1000 K. 

At high temperatures Xdc(T) follows a CW dependence, 
Xdc(T) = C/(T-@). For temperatures below «1.5 ©, the 
curve for the inverse susceptibility vs T shows a positive 
curvature (see Fig. 1) and Xdc(T) diverges at Tc<%. Both 
temperatures are given in Table I. 

The double exchange interaction is used to describe the 
FM interaction between Mn ions in CMR perovskites. A 
simplified model for this interaction5 indicates that the hop- 

a 
o 

. 

200 

100 - °s - 

^X • 

200 400 600 800 1000 

Temperature (K) 
1200 

a)Electronic mail: tovar@cab.cnea.edu.ar 

FIG. 1. Inverse susceptibility vs T for Lao 67Cao 33Mn03. Small circles cor- 
respond to x<k.(T)> large circles to xESR(r) from (AHpp)2hpp and triangles 
to A^ESR(^) fr°m numerical integration. 
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TABLE I. Values for the Curie constant, Curie-Weiss and critical tempera- 
tures, and exchange constant obtained from susceptibility measurements. 

Compound 
C 

emu K mol 
0 

(K) (K) Tc/& JlkB 

Lao.67Cao.33Mn03 

In2Mn207 

2.8(1) 
2.4(1) 

368 
145 

260 
130 

0.69 
0.89 

49 
10 

ping of electrons between Mn4+ ions couples them forming 
high spin magnetic clusters. The effective FM coupling for 
Mn ions that results from this model may be described by an 
isotropic Heisenberg like interaction between Mn3+ (3d4) 
and Mn4+ (3d3) pairs. 

ß(f=-2J^ S\-S{, (1) 
(iJ) 

where Si and 52 identify the spin of Mn4+ and Mn3+ spe- 
cies, respectively, with Sl = 3/2 and 52=2. 

In the Weiss mean field approximation (WMFA), the 
high-temperature behavior associated with this Hamiltonian, 
is given by a CW law with C=NAg1fjb\(fl+f1)l3kB and 
kB&/J=4zfif2/3(fi +/2), where z is the number of nearest 
neighbors and f^xS^Si + l), f2 = (l~x)S2(S2+l). For 
x = 0.33, the calculated value is C = 2.64 emu K mol, which 
is compared with the experimental results of Table I. We 
have derived values for / from the measured 0, also listed in 
Table I. 

The main assumption of the WMFA model is the statis- 
tical independence of the spins, neglecting the short range 
order, which produces the curvature in Xdc(T). Small clus- 
ters models,6 such as the constant coupling approximation 
(CCA) takes into account the correlation between neighbor- 
ing spins. The magnetic system is considered as an ensemble 
of spin pairs interacting through an effective Hamiltonian, 

f=-2JSl-S2 + gfiB(Sl + S2)-[H+He], (2) 

where He is an effective field acting on the pair, determined 
by consistency requirements.6 A consequence of treating in 
more detail the formation of magnetic clusters (pairs in the 
CCA) is the appearance of short range order above Tc with a 
simultaneous reduction of He(T), as compared to the values 
derived in the WMFA. Thus, the long range order is 
achieved at a temperature Tc<® and the calculated suscep- 
tibility adequately describes the positive curvature shown in 
Fig. 1. The experimental values for the ratio Tc/® (see 
Table I) are consistent with the values calculated6 in the 
CCA for either 5 = 3/2 or 2 (7C/0 = O.77 and 0.79, respec- 
tively). 

In the case of pyrochlore In2Mn207, the mechanisms for 
electrical conduction and magnetism are related7 to the inter- 
mediate valence arising from a hybridization of Mn 3d elec- 
trons with the conduction bands of In. In this case the mag- 
netic interactions occurs between Mn4+ (5 = 3/2) ions. Our 
susceptibility data, in coincidence with previous reports,8 

shows the same positive curvature present in the perovskites. 
The paramagnetic ESR spectrum of powdered samples 

consists of a single lorentzian line with a g value of 1.992(3), 
which is constant and independent of the microwave fre- 
quency at high temperatures. Since the ESR signals are in- 

tense near Tc, the measured linewidth, AHpp, is dependent 
on sample mass due to "overloading" of the cavity.9 In or- 
der to avoid these effects we repeated the experiments at 
each temperature with different amounts of material extrapo- 
lating to zero mass. 

As a function of T, the ESR linewidth showed a behav- 
ior similar to that described in previous reports1'3: When T 
approaches Tc from above, AHpp(T) decreases and goes 
through a minimum at rmin>rc. The value of rmin and the 
rate of increase of the linewidth below this temperature are 
dependent on the microwave frequency. Variations of the g 
factor were also observed for Tc<T<Tmin. Above Tmin the 
g factor is constant and AHpp(T) independent of frequency. 

The intensity of the ESR spectrum, I(T), is an important 
parameter to identify the nature of the resonant species1-3'10 

through the temperature dependence of ^ESR, corresponding 
to the resonant species. There are several experimental difi- 
culties in the determination of I(T) because the linewidth 
increases by «10 from Tmin to high temperatures and the 
peak-to-peak amplitude of the measured derivative signal, 
hpp, decreases up to three orders of magnitude in the same T 
range. This is a probable cause for the disagreement between 
recently reported results.1-310 Since the differences led the 
authors to different interpretations we have made a careful 
determination of I(T) for Lao 67Cao.33Mn03, up to 1000 K, 
that may shed some light on this controversial subject. I(T) 
was determined by numerical double integration of the spec- 
tra and also approximating the area by AHpphpp. In order to 
obtain ^ESRC^)- shown in Fig. 1, we have renormalized the 
measured I(T) using values of QL determined at each tem- 
perature. We found that the temperature dependence is the 
same for both XESR and XdC. Between Tc and Tmin significant 
line-broadening and g shifts, both dependent on microwave 
frequency, were observed. Since these effects, related10 to 
the proximity of Tc, may confuse the analysis of the results 
in the paramagnetic regime we have not included this tem- 
perature region in the analysis. 

The temperature dependence of AHpp(T) above rmin 

was originally found1 to be almost linear with T for 
Lao.67Cao 33Mn03 up to 700 K and similar results were re- 
cently reported10 up to 600 K for L^ _^SrxMn03. A small 
tendency to saturation was found later2'3 above r«600 K. 
Up to this temperature, our results for Lao 67Cao 33Mn03, 
La061Sr033MnO3, and Lao 67Pb033MnO3 present the same 
quasilinear behavior. In the case of Lao.67Cao.33Mn03, we 
have extended the measurements up to «1000 K and found 
significant deviations from linearity at high temperatures, as 
shown in Fig. 2(a). For In2Mn207, see Fig. 2(b), a similar T 
dependence was observed. 

In treating the T dependence of AHpp of magnetic com- 
pounds in the PM region, Dormann and Jaccarino11 argued, 
following Huber's12 approach, that the main variation is 
given by the expression 

MpJT) = [xs(T)/XESR(T)]AHpJcc), (3) 

where Xs(T) = CIT is the single ion susceptibility and 
X-ESR(T) corresponds to the paramagnetic behavior of the 
coupled system. The continuous line in Fig. 2, drawn with 
X&c(T) data, shows an excellent agreement with the experi- 
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FIG. 2. AHpp vs T taken at X band for (a) La0.67Caa33MnO3 and (b) 
In2Mn207. Solid lines correspond to Eq. (3). 

mental AHpp(T), including not only the quasilinear behavior 
near Tc, but also the saturation at higher temperatures. For 
In2Mn207, the T dependence is also well described, although 
with small systematic departures near Tc, that may be re- 
lated to spin-glass-like behavior.8 

The limiting values Affpp(°°) = 2500 and 500 G, deter- 
mined for Lao 67Cao 33Mn03 

and In2Mn207, respectively, 
corresponds to spin-spin interactions.12 If the only aniso- 
tropic contributions were of dipolar origin, exchange nar- 
rowed lines would be expected. Using the / values of Table 

I calculated values for A//p/)(°°) are of the correct magnitude 
for In2Mn207, but about an order of magnitude smaller for 
La0 67Cao.33Mn03. Therefore, other anisotropic interactions 
must be considered in order to explain our results.13 

In conclusion, we have analyzed in detail the tempera- 
ture dependence of the dc susceptibility and ESR line param- 
eters in the PM regime of FM manganites. We found that: (a) 
The static magnetic susceptibility A'dcC^) is weU described in 
a mean field approximation of the small cluster type, al- 
though the ratio Tc/® calculated in the CCA is slightly dif- 
ferent than that calculated for either S = 3/2 or S = 2. (b) The 
temperature dependence of the ESR of the system, indepen- 
dently of the exact nature of the resonant species, may be 
described by a common curve, whose temperature scale is 
determined by Tc and the infinite temperature linewidth kept 
as an adjustable parameter related to spin-spin interactions. 
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We report on a comparative study of three manganites: Pr0 5Sr0 5Mn03, Pr0 5Cao 5Mn03, and 
Pr05Sr03Cao2Mn03, which all exhibit the same Mn3+/Mn4+= 1:1 concentration but show a very 
distinct magnetic behavior. The Pr0 5Sr0 5Mn03 sample is a ferromagnet (FM) below Tc= 265 K and 
becomes the A-type antiferromagnet at 7^= 140 K. In Pr0 5Cao 5Mn03 the charge order develops at 
rC0=245K and the CE-type antiferromagnetism occurs below TN= 175 K. The 
Pr0 5Sr0 3Cao 2Mn03 sample exhibits the FM transition at 7C=225K and the CE type 
antiferromagnetism and charge ordering occur simultaneously at rAr=rco=160K (185 K) upon 
cooling (heating), respectively. The study is complemented by the data on two systems of 30% 
Mn4+, the ferromagnetic metal Pr0 7Sr0 [Cao 2Mn03, and insulator Pr085K0]5MnO3, both with 
similar Curie temperature TC~140K. The electrical resistivity, thermoelectric power, thermal 
conductivity, and volume thermal expansion data are analyzed with respect to observed magnetic 
transitions and reveal the significantly distinct ground state of the A-type and CE-type 
antiferromagnets. We suppose that phonons and charge carriers are coupled via the Jahn-Teller 
effect and the CMR effect observed in manganites originates thus from a mutual interplay of a 
strong electron-phonon interaction and spin order. © 1998 American Institute of Physics. 
[S0021-8979(98)32011-3] 

Ferromagnetic perovskites Ln]_xA^Mn03 with a high 
concentration of formally tetravalent manganese have be- 
come a subject of numerous studies. The competing ferro- 
magnetic and antiferromagnetic interactions for the samples 
with nominal Mn3+/Mn4+~1:1 concentration have been 
shown to lead to fascinating transport anomalies below room 
temperature. The magnetic and transport properties of these 
perovskites are in some sense predetermined by the crystal 
structure, which is principally controlled by the interlayer 
mismatch expressed as Goldschmidt's tolerance factor. A 
number of important additional factors, both cooperative 
[Jahn-Teller (J-T) distortion, orbital, and charge ordering) 
and local (ion size mismatch) critically influence, however, 
the thermodynamic stability of the competing phases. Be- 
sides, the role of dynamic J-T modes coupled with carriers 
and the existence of magnetic polarons was recently 
underlined.1'2 One of the feasible methods used to probe 
complexly these interactions is the investigation of thermal 
properties in comparison to magnetic, structural, and electri- 
cal data. In this article we report on the thermal conductivity, 
thermal expansion, thermoelectric power, and electrical re- 
sistivity measurements on praseodymium based samples 
with 30% and 50% Mn4+ concentration. 

Ceramic samples were prepared using a solid state reac- 
tion from appropriate amounts of respective oxides and car- 
bonates as described elsewhere.3'4 Structural characterization 
of the 50% samples has been done by the neutron diffraction. 
The thermal expansion was calculated using the refined lat- 
tice parameters, whereas for the 30% samples, this quantity 
was measured using the strain gauge method. All the thermal 
conductivity and transport data were measured using the 

steady state four point technique from 12 to 300 K. The 
results of the thermal conductivity and electrical resistivity 
were corrected for the sample porosity. 

The neutron diffraction on the 50% samples showed that 
Pr05Sr05MnO3 is ferromagnet below Tc=265 K and upon 
further cooling it exhibits an antiferromagnetic transition at 
TN= 140 K. The observed A (planar) type of the antiferro- 
magnetism is not compatible with any Mn3+/Mn4+ order; the 
lattice distortion below TN shows, however, that the partially 
occupied manganese 3dy Orbitals are oriented at the transi- 
tion into the Mn02 planes. A different situation is encoun- 
tered in Pr05Ca05MnO3. The Mn3+/Mn4+ (1:1) order occurs 
at Tco= 245 K and an antiferromagnetism of a complex kind 
(CE type) develops below TN=\15 K. The third compound 
under investigation Pr0 5Sr0 3Cao 2Mn03 exhibits the ferro- 
magnetic transition at Tc= 225 K and, contrary to pure Sr or 
pure Ca doped samples, the CE type antiferromagnetism and 
charge ordering occur simultaneously at TN=TC0= 160 K 
(185 K) upon cooling (heating), respectively. 

The transport properties of the studied samples below 
the room temperature are shown in Figs. 1 and 2 where the 
temperature dependences of electrical resistivity and thermo- 
electric power are displayed. In Pr0 5Sr0 5Mn03 the ferromag- 
netic transition at 265 K is accompanied by a small decrease 
of electrical resistivity, which is followed by an increase at 
the antiferromagnetic transition at 140 K. Even at the lowest 
temperatures the conductivity remains high which suggests 
that the 3dy electrons in the Mn02 planes are delocalized. 
Both in Pr05Cao5Mn03 and Pr05Sr03Ca02Mn03, the con- 
duction is strongly activated with a pronounced anomaly at 
the charge ordering temperatures while the ferromagnetic 
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FIG. 1. Temperature dependence of the electrical resistivity for 
Pr0.5Sr0.5MnO3 (O), Pr0.5Cao.5Mn03 (D), and Pr05Sr0 3Cao.2Mn03 (A). In 
the inset the data for Pr07Sr01Ca02MnO3 (0) and Pr085Ko 15Mn03 (+) are 
displayed. The arrows denote the ferromagnetic (Tc), antiferromagnetic 
(TN), and charge order (rco) transition temperatures. 

transition in Pr0 5Sr0 3Cao 2Mn03 at 225 K is nearly invisible. 
For a comparison, the coincidence of the ferromagnetic and 
I-M transition in the CMR compound Pr0 7Sr01Ca0.2MnO3 

with tf(0T)/fl(5T) = 20 at Tc is exemplified in the inset 
while no metallic transition occurs in another 30% sample 
Pr0 85Ko 15Mn03 where dissimilar size of the substituent 
leads to a localization of carriers.3 

The temperature independent and negative thermoelec- 
tric power in the paramagnetic state of the 50% samples is in 
general agreement with previously published results and can 
be understood if polaronic carriers strongly interact with the 
spin background. The thermopower is then dominated by the 
configurational entropy term where both the spin and orbital 
degeneracy should be considered.5 A detailed analysis is, 
however, out of the scope of this work. The ferromagnetic 
transition, if present, is always accompanied by a decrease of 
the absolute value of thermopower. The barely metallic 
states could be thus indicated also in Pr0.5Sr0 3Cao 2Mn03 and 
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FIG. 2. temperature dependence of the thermoelectric power for 
Pra5Sro.5Mn03 (O), Pr05Cao5Mn03 (D), and Pr05Sr03Ca02MnO3 (A). In 
the inset the data for Pr07Sr01Cao2Mn03 (O) and Pr085K015MnO3 (+) are 
displayed. 

I rrMju ci 

FIG. 3. Temperature dependence of the thermal conductivity for 
Pr05Sr05MnO3 (O), Pr0 5Cao 5Mn03 (D), and Pr05Sr0 3Cao 2Mn03 (A). In 
the inset the data for Pr07Sr01Cao2Mn03 (0) and Pr085Ko 15Mn03 (+) are 
displayed. 

Pr0 g5Ko i5Mn03 samples despite their increasing resistivity 
below Tc. The charge ordering transition in Pr0 5Cao.5Mn03 

and Pr0 5Sr0 3Cao 2Mn03 is characterized by a divergence of 
the thermopower to large negative values while the onset of 
antiferromagnetic order in Pr0 5Sr0 5Mn03 is evidenced only 
by a small drop down to —25 fiV K_1, followed by a ther- 
modynamical return to zero. 

In order to visualize the interrelation of the transport and 
lattice effects, the thermal conductivity and the volume ther- 
mal expansion data are displayed in Figs. 3 and 4. For 
samples Pr0 5Cao 5Mn03 and Pr0.sSr0 3Cao2Mn03, the tem- 
perature dependence of lattice parameters is included in the 
lower panel of Fig. 4. It should be noted that an analysis of 
observed electrical and thermal conductivities on the basis of 
the Wiedmann-Franz law, which enables one to estimate the 
upper limit of the electronic part of the thermal conductivity 
using the Lorenz number, excludes any appreciable elec- 
tronic contribution to the heat transport even in the metallic 
samples. So the thermal conductivity is confined essentially 
to phonons and their scattering processes. In agreement with 
previously published data on the Mn3+/Mn4+ perovskites6'7 

the measured values of thermal conductivity are extremely 
low and comparable with glassy materials. As a possible 
explanation one can consider large static disorder due to lo- 
calized Mn4+ defects (in Mn3+ concentrated systems with 
strong J-T effects), the electron and/or spin density fluctua- 
tions observed as static objects (coherent length of tens A) at 
low doping and present presumably as itinerant magnetic 
polarons at higher doping of carriers and, finally, the pres- 
ence of anomal acoustic phonons. These anomal phonons 
may arise due to coupling with soft optical modes which 
have locally character of octahedra tiltings or vibrations of 
the J-T type. In the paramagnetic region of perovskites with 
30%-50% Mn4+ the low thermal conductivity (actual mean 
free path of phonons ~10Ä) can be associated with mag- 
netic polarons and/or vibronic interactions of Mn3+ ions (the 
dynamic Jahn-Teller modes). The latter possibility seems to 
be more relevant since the thermal conduction is essentially 
low even in the ferromagnetic state where magnetic polarons 
should vanish. 
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FIG. 4. Upper panel: the volume thermal expansion for Pr05Sr05MnC>3 (O), 
PrcsCa^MnOä (D), and ProsSrojCao^Mnf}, (A), Pr07Sr0jCa^MnOj (0), 
and Pr085Ko]5Mn03 (+). Lower panel: the temperature dependence of the 
lattice parameters for Pr05Cao5Mn03 (D) and Pr0 5Sr0 3Cao 2Mn03 (A). 
Open symbols represent the temperature increase, full symbols the tempera- 
ture decrease. The data are normalized with respect to two ground states 
(metallic and insulating) which differ in volume of —0.15%, (See Ref. 8). 

The insets of Figs. 3 and 4 show the thermal behavior for 
30% Mn3+. In the case of the Pr07Sr0 ]Ca02MnO3 sample, 
the simultaneous magnetic and I-M transition is accompa- 
nied by a sharp increase of the thermal conductivity below 
Tc, while for the insulating Pr0 85Ko 15Mn03 no enhance- 
ment is observed. The sharp decrease of the unit cell volume 
of about —0.15% in Pr0 7Sr0 [Cag 2Mn03 and the absence of 
this anomaly in Pr085Ko ,5Mn03 points out the first order 
character of the I-M transition and underlines the different 
ground state of the two samples. Moreover, these results in- 
dicate that the enhancement of thermal conductivity cannot 
be linked to the ferromagnetism alone and is rather due to an 
electronic transition which suppresses significantly the am- 
plitude of dynamic J-T modes. This supports the previous 
hypothesis that the J-T modes are the principle scatterers of 
phonons in manganese perovskites. 

Enhancement of the thermal conductivity below Tc is 
observed also in the 50% Mn4+ samples Pr05Sr05MnO3 and 
Pr0 5Sr0 3Cao 2Mn03. The volume anomaly is absent, how- 
ever, suggesting that the transition is not of the first order. 
With further cooling the thermal conductivity is suppressed 

at the antiferromagnetic temperature TN and recovers its 
value extrapolated from the paramagnetic domain. The de- 
pression of the thermal conductivity in Pr0 5Sr0 3Cao 2Mn03 

is accompanied by a sharp and exceptionally large decrease 
of the unit cell volume which makes about -0.5%. This 
effect is related to a specific arrangement of octahedral tilts 
in this compound at elevated temperatures, which are sud- 
denly reorganized with the charge ordering at TN= Tco. The 
large drop of volume is followed by a smaller and gradual 
increase between 185 and 150 K. This is a common effect of 
orbital ordering, associated with increasing size of the 
Mn3+06 octahedra with the J-T distortion. 

In the case of Pr0 5Cao 5Mn03 the orbital ordering at 
rco=245 K is characterized by a small increase of the unit 
cell volume, but the transition is not accompanied by any 
marked anomaly in the thermal conductivity. The thermal 
conductivity shows, however, a minimum at 180 K and a 
broad enhancement at lower temperatures. Below 100 K it 
surpasses significantly the thermal conductivity of the 
Pr0 5Sr0 5Mn03 sample. The minimum of thermal conductiv- 
ity is likely associated with a small decrease of the unit cell 
volume at 170 K. The occurrence of the anomaly close to 
TN= 175 K instead of rco could be related to the fact that 
the transition from the high temperature disordered state to 
the ordered one is diffusive—see the lower panel of Fig. 4. 

In summary, we have studied the magnetic, transport, 
thermal, and structural properties of several praseodymium 
based manganites. It appears that the CE- and A-type anti- 
ferromagnetic phases exhibit quite distinct transport proper- 
ties, their ground state is insulating in the former and con- 
ducting (2-dim) in the latter one; the itinerant behavior being 
restricted to the ferromagnetically coupled Mn02 layers in 
which the Mn3+/Mn4+ ordering is in fact absent. In all sys- 
tems the thermal conductivity is low. We associate this ob- 
servation with phonon scattering processes which involve the 
dynamics of dy states. These active J-T modes are often 
partially frozen and can be then evidenced by diffraction 
methods as small, ordered, or disordered distortions. The 
thermal conductivity is enhanced only when the electroni- 
cally homogeneous state (metallic or insulating) is formed. 
In that case the dynamic J-T modes are suppressed or a com- 
plete (static) J-T ordering develops. 
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The stability of the exchange biasing field, Heb has been studied for NiO/Ni66Co18Fe16 bilayers. A 
forced antiparallel alignment of the ferromagnetic magnetization to Heb results in a gradual decrease 
and even a reversal of Heb. The decrease of Heb increases with temperature and is independent of 
the external field and NiO layer thickness. This decrease can be interpreted by a thermally assisted 
relaxation process. A new effect of the relaxation process on Heb is demonstrated by using different 
cooling rates.   © 7995 American Institute of Physics. [S0021-8979(98)18111-2] 

I. INTRODUCTION 

Direct exchange coupling at the interface between a fer- 
romagnetic (F) layer and an antiferromagnetic (AF) layer 
may result in exchange biasing,1 which induces a unidirec- 
tional anisotropy of the F layer. The unidirectional anisot- 
ropy gives rise to a shift of the hysteresis loop of the F layer 
along the field axis, which is equal to the exchange biasing 
field, Heb. The magnitude of Heb depends on temperature 
and becomes zero at a temperature called the blocking tem- 
perature, TB. It is known that directing the external field 
(and thereby the magnetization of the F layer) antiparallel to 
Heb while cooling at temperatures below TB results in a de- 
crease of Heb.

2,3 

Recently, we have shown that an antiparallel alignment 
of the magnetization of the F layer to Heb at a constant 
temperature results in a gradual decrease and even a reversal 
of Heb .4 The observed behavior of Heb is interpreted by a 
macroscopic two-level model. The two-level model can re- 
sult from an AF layer consisting of AF domains with 
uniaxial anisotropy, which are laterally decoupled and 
exchange-coupled to the F layer following Fulcomer and 
Charap.5 This results in an absolute and a local energy mini- 
mum for the sublattice (staggered) magnetization direction of 
an AF domain, see insets of Fig. 1. After cooling the sample 
in an applied magnetic field from above TB to a certain tem- 
perature below TB, the staggered magnetization directions of 
the AF domains are assumed to be distributed over the two 
energy minima according to the Boltzmann distribution func- 
tion. This situation (at f = 0) gives rise to the observed ex- 

a,Present address: AMC, 75 Robin Hill Road, Goleta, CA 93117. 
b)Present address: CVC Products, 3100 Laurelview Court (Bldg. H), Fre- 

mont, CA 94538. 

change biasing field and is shown in the inset (a) of Fig. 1. 
The forced anriparallel alignment of Heb and the magnetiza- 
tion of the F layer after t=0 results in an interchange of the 
two energy minima. Subsequently, a thermally assisted redis- 
tribution of the now nonequilibrium distribution of the stag- 
gered magnetization directions of the AF domains occurs 
[see inset (b) of Fig. 1] and, therefore, a relaxation of Heb. 
Among others, the relaxation time of an AF monodomain 

1800        2400 

time (min.) 
3000 3600 

FIG. 1. The time dependence of Heb at 425 K for Si(100)/40 nm NiO/5 nm 
Ni66Co18Fe16/5 nm Ta. At t = 0 the external field is reversed, forcing an 
antiparallel alignment of the magnetization of the F layer and Heb (circles). 
After 42 h (2520 min.), the direction of the external field and thereby the 
magnetization of the F layer is reversed again (squares). The line after t 
= 2520 min. represents the inverted data for Heb after * = 0. The insets show 
a schematic representation of dependence of the energy per unit area, Es, on 
the angle <f> of the staggered magnetization of an AF domain with uniaxial 
anisotropy, which is exchange coupled to a F layer with the magnetization 
directed along 0=0 (a) and ir (b). The circles represent the distribution over 
the two minima at thermal equilibrium, t = 0 (a) and just after the reversal of 
the magnetization of the F layer (b). 

0021 -8979/98/83(11 )/7207/3/$15.00 7207 © 1998 American Institute of Physics 
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increases with thickness, which is assumed to be correlated 
to the grain size. 

Here, we report to which extent the Fulcomer-Charap 
model provides an at least qualitative description of the ob- 
served decrease of Heb after reversing the applied field (and 
thereby the magnetization direction of the F layer) at t = 0. 
The implications of the model for the observed Heb(t) are 
demonstrated by experiments using different cooling rates 
from above TB to room temperature. 

II. EXPERIMENTAL DETAILS 

Samples consisting of Si(100)/40 or 60 nm NiO/5 nm 
Ni66Co18Fe16/5 nm Ta were grown at room temperature in an 
applied field of 10-15 kA/m by a multisource sputter appa- 
ratus. Pressure prior to deposition was typically 10~8 Torr. 
The metallic layers were deposited by dc-magnetron sputter- 
ing at a pressure of 5 mTorr Ar and the NiO layers were 
deposited by rf-magnetron sputtering from a NiO target in an 
Ar pressure of 1 mTorr. After deposition, the samples were 
annealed up to 500 K after which the samples were field- 
cooled down to room temperature in about 10 h in order to 
improve the exchange biasing. 

The experiments were carried out using a variable tem- 
perature Magneto-Optical Kerr Effect (MOKE) apparatus. 
The sample was heated from room temperature to the desired 
temperature in an external field, which was applied parallel 
to Heb. Subsequently, Heb was measured as a function of 
time at a constant temperature and external field. Note, that 
Heb was obtained from a hysteresis loop measurement dur- 
ing which the direction of the applied field (and the magne- 
tization of the F layer) was varied. This implies that relax- 
ation contributions to Heb faster than half the hysteresis loop 
time of 12 s cannot be observed. 

III. RESULTS AND DISCUSSION 

The blocking temperature for the NiO/Ni66Co18Fe16 bi- 
layers is 480 K, as determined from the temperature depen- 
dence of Heb,

A which is similar to the results obtained by 
others.3 Figure 1 shows Heb as function of time at 425 K for 
Si(100)/40 nm NiO/5 nm Ni66Co18Fe]6/5 nm Ta. At f = 0 an 
external field is applied, which forces an antiparallel align- 
ment of the magnetization of the F layer and Heb. A gradual 
decrease of Heb is observed resulting in zero exchange bias- 
ing within 2 h after which Heb changes sign and becomes 
negative. After 42 h the external field and thereby the mag- 
netization direction of the F layer is reversed, which results 
in an increase of Heb. The increase of Heb as a function of 
time is identical to the inverted behavior of Heb observed 
after t = 0. The reversibility of the time dependence of Heb 

upon the reversal of the external applied field (and thereby 
the magnetization direction of the F layer) implies a mag- 
netic origin and not some structural cause for the change in 
Heb- 

Within the Fulcomer-Charap model the relaxation of 
Heb arises from the redistribution of the staggered magneti- 
zation directions of the AF domains due to the exchange 
coupling between the AF domains and the F layer. However, 
the magnetization directions of the AF domains may also be 
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FIG. 2. The time dependence of Heh at 425 K for Si(100)/40 nm NiO/5 nm 
Ni66Co18Fe|(/5 nmTa applying different magnitudes of the external field 
antiparallel to Heb . The magnetization of the F layer is directed parallel to 

for external fields of -45 kA/m (squares) and - 
inset shows the hysteresis loop measurement at t- 

125 kA/m (circles). The 
:0. 

influenced by an external applied field, e.g., if an AF domain 
possess a small magnetic moment due to finite size effects6'7 

and the exchange coupling energy at the AF and F interface 
is smaller than the Zeeman coupling energy of the AF 
domain.8 Figure 2 shows the time dependence of Heb for 
different magnitudes of the external field applied antiparallel 
to Heb. The figure shows that a decrease of Heb is only 
observed if the magnetization direction of the F layer is an- 
tiparallel to Heb, but is independent of the magnitude of the 
(small) external field. 

Figure 3 shows the normalized exchange biasing fields 
as a function of time during an antiparallel alignment of Heb 

and the magnetization of the F layer at different temperatures 
for samples consisting of a 40 to 60 nm NiO layer. The 
exchange biasing fields are normalized to the initial value at 
/ = 0. The gradual decrease of Heb increases with tempera- 
ture, which is discussed elsewhere.4 Apart from the curves at 
375 K, the decrease of Heb is independent of the AF-layer 
thickness, which is inconsistent with the assumption that the 
AF grains are monodomain throughout the entire AF-layer 

0    600   1200   1800   2400   3000   3600 
time (min.) 

FIG. 3. The exchange biasing field, Heh as function of time at different 
temperatures during a forced antiparallel alignment of the magnetization of 
the F layer and Heb. The squares and circles represent the data of samples 
consisting 40 and 60 nm NiO/5 nm Ni^Co^Fe^S nm Ta grown on Si(100), 
respectively. The values of Heb are normalized to the initial value t = 0. 
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FIG. 4. The figure shows Heb as function of time at 290 K after field cool- 
ing from 550 K down to 290 K in 2 min for Si(100)/40 nm NiO/5 nm 
Ni66ColgFe16/5 nm Ta. Subsequently, the sample is heated up to 432 K in 20 
min after which again the time dependence of Heb is measured. During these 
experiments the magnetization of the F layer is directed parallel to Heb. 
Note the break in the time axis. 

thickness. In that case the relaxation rate of Heb would be 
expected to reduce with increasing AF-layer thickness for 
columnarly grown AF layers. Columnar growth has been ob- 
served for these NiO layers by transmission electron micros- 
copy experiments. 

Interestingly, the distribution of the AF domains over the 
two energy minima is not only influenced by the magnetiza- 
tion direction of the F layer, but also by a change in tem- 
perature. Decreasing the temperature results in a new equi- 
librium distribution, which will only be attained if the 
relaxation rate is faster than the cooling rate. This implies 
that the magnitude of Heb is not only influenced by the di- 
rection of the magnetization of the F layer during cooling 
below TB, which is already demonstrated by others,2'3 but 
also by the cooling rate. The effect of varying the cooling 
rate has been investigated by field cooling from above TB to 
290 K in 2 min instead of our standard 10 h. This results in 
a decreased Heb of 9 kA/m, at t = 0, instead of 12 kA/m. 
Figure 4 shows the subsequent variation of Heb as a function 
of time for a parallel alignment of the magnetization of the F 
layer and Heb after cooling in 2 min. The time dependence of 
Heb at 290 K shows a constant value for Heb indicating that 
the thermal energy is too small to relax the nonequilibrium 
distribution of the AF domains. However, after increasing 
the temperature to 432 K in 20 min, a relaxation of Heb is 
observed from 2.7 kA/m to about 4.8 kA/m (see Fig. 4). 
Subsequent slow cooling to 290 K in about 7 h results in an 
increased value for Heb of 13 kA/m. 

IV. CONCLUSIONS 

We have shown that the gradual decrease of Heb during 
a forced antiparallel alignment of the magnetization of the F 

layer to Heb results from the exchange coupling at the F and 
AF interface and is independent of the (small) external field. 
The decrease of Heb as a function of time increases with 
temperature indicating a thermally assisted relaxation pro- 
cess. These three observations are consistent with the model 
proposed by Fulcomer and Charap in which the decrease of 
Heb is described by a thermally assisted relaxation process of 
AF domains, which are mutually decoupled and exchange- 
coupled to the F layer. However, the similar behavior of Heb 

for the 40 and 60 nm NiO layers is inconsistent with the 
assumption that the AF grains are monodomain. This suggest 
that the mechanism of exchange biasing is more complex 
than described by the Fulcomer-Charap model, e.g., by the 
formation of AF domain walls in the AF grains as proposed 
by more recent models.9-11 We note, however, that the de- 
tailed nature of the exchange biasing mechanism is not im- 
portant for the general assumptions on which the macro- 
scopic two-level relaxation model is based. 

An new effect of the relaxation process is demonstrated 
by field cooling from above TB to 290 K in 2 min instead of 
10 h, which results in a decrease of Heb from 12 to 9 kA/m. 
This effect does not only support the relaxation model, but 
also shows the importance of using a sufficiently low cooling 
rate to obtain exchange biasing in spin valve devices when 
using a magnetic anneal treatment. 
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The annealing-time-dependent change in the unidirectional anisotropy field for exchange coupled 
films with FeMn, PdPtMn, NiMn, and NiO, which are generally used for spin valve, was 
investigated after thermal annealing below their blocking temperatures. It was shown that the 
distribution of local blocking temperature was similar for each exchange coupled film. The 
annealing-time-dependent change in the unidirectional anisotropy was explained by the use of 
thermal fluctuation aftereffect model, and the relaxation time for the anisotropy change was found 
to be much larger for FeMn than for PdPtMn, NiMn, and NiO, when normalizing annealing 
temperature by their blocking temperatures. From the viewpoint of device application, however, 
NiMn was proven to be the most promising antiferromagnet in terms of thermal stability because of 
its highest blocking temperature.   © 1998 American Institute of Physics. [S0021-8979(98)48211-2] 

I. INTRODUCTION 

Thermal stability of unidirectional anisotropy of pinned 
layers for spin valve films is very important for magnetore- 
sistive head application, and studying the annealing-time- 
dependent change in unidirectional anisotropy is very useful 
for estimating device lifetime. With respect to the thermal 
stability of the exchange coupled films, the temperature de- 
pendence of exchange coupling field (Hex) has been re- 
ported, and Fulcomer and Charap have explained this depen- 
dence based on thermal fluctuation theory.1 Tsang, Speriosu 
et ed., and Soeya et dl. have reported that FeMn/NiFe and 
NiO/NiFe films have a variety of exchange paths, and that 
local exchange anisotropy rotates at local blocking 
temperature.2-4 Nishioka et al. investigated how the grain 
size of antiferromagnets affects temperature dependence of 
exchange coupling for a FeMn/NiFe system, based on ther- 
mal fluctuation theory.5 

In this study, exchange coupled films with FeMn, 
PdPtMn,6 NiMn, and NiO, which are generally used for spin 
valves, were annealed below the blocking temperatures 
(TB), and their annealing-time-dependent change in ex- 
change anisotropy was investigated. Experimental results 
were compared with those obtained in a thermal fluctuation 
after effect model. 

II. EXPERIMENT 

Ferromagnetic/antiferromagnetic bilayer films of 
Ni81Fei9(15nm)/Ni50Mn50(30 nm), Ni81Fe19(10 nm)/ 
Pd17Pt32Mn51(30 nm), Ni81Fe19(6 nm)/Fe50Mn50(15 nm), 
and NiO(50 nm)/Ni8jFe19(6 nm) were prepared on glass 
substrates by rf and dc magnetron sputtering. The argon 
sputtering pressure was 3.0X 10_1 Pa. To prevent oxidation, 
10 nm of Ta capping layers were deposited for each film. 
They were annealed at 270 °C for 15 h for NiFe/NiMn, 
270 °C for 5 h for NiFe/PdPtMn, and 200 °C for 1 h for 

a,Electronic mail: fujikata@merasub.cl.nec.co.jp 

NiFe/FeMn under pressures of less than 2.0 X 10~4 Pa with a 
dc applied magnetic field of 500 Oe to induce unidirectional 
anisotropy. 

The thermal stability of exchange coupled films with the 
antiferromagnets, NiMn, PdPtMn, FeMn, and NiO was stud- 
ied by measuring the exchange anisotropy field (Hex) at 
room temperature (RT) after thermal annealing below their 
blocking temperatures with a magnetic field of 500 Oe ap- 
plied, antiparallel to their easy axes. Magnetization was ob- 
tained using a vibrating sample magnetometer (VSM). The 
crystalline structure and grain size of exchange coupled films 
was analyzed by x-ray diffraction (XRD) and cross sectional 
TEM. 

III. RESULTS AND DISCUSSION 

A. Exchange anisotropy rotation 

Figures 1(a)-1(d) show Hex dependence on temperature. 
TB of NiFe/FeMn, NiFe/PdPtMn, NiFe/NiMn, and NiO/NiFe 
is about 160, 330, 360, and 200 °C. The exchange coupling 
energy for each system is 0.14, 0.18, 0.13, and 0.07 mJ/m2 at 
RT, which are comparable to those reported by other 
groups.6'7 The average grain size for each manganese anti- 
ferromagnet is about 7 to 8 nm, and for NiO it is about 10 
nm with columnar structures. The dotted lines show the ex- 
change anisotropy change below the blocking temperature 
when exchange coupled films are annealed with a magnetic 
field of 500 Oe applied, antiparallel to the easy axes. The 
local exchange anisotropy of all exchange coupled films ro- 
tates below the blocking temperature, which shows they have 
a broad distribution of local blocking temperature, and the 
spin directions of antiferromagnetic grains rotate at the local 
blocking temperature.3'4 

Figure 2(a) shows Hex dependence on annealing tem- 
perature. Hex is normalized by the value at RT. //ex decreases 
gradually with increasing annealing temperature, indicating 
that the local blocking temperature is distributed below the 
blocking temperatures for each exchange coupled film. Fig- 
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FIG. 1. Exchange field dependence on temperature for (a) NiFe/FeMn, (b) 
NiFe/NiMn, (c) NiFe/PdPtMn, and (d) NiO/NiFe. The dotted lines shows 
exchange field change by thermal annealing below the blocking 
temperature. 

ure 2(b) shows Hex dependence on annealing temperature 
normalized by the respective blocking temperatures. Hcx de- 
pendence on normalized annealing temperature is very simi- 
lar for each exchange coupled film, which shows that the 
distribution of local blocking temperatures is similar for each 
exchange coupled film, under the assumption that the distri- 
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FIG. 2. (a) Normalized exchange field dependence on annealing tempera- 
ture, (b) Normalized exchange field dependence on normalized annealing 
temperature (TITB). 

bution of local blocking temperature corresponds to the dis- 
tribution of exchange coupling energy. 

B. Annealing-time-dependent change model for Wex 

We studied the annealing-time-dependent change in Htx 

for exchange coupled films. A thermal fluctuation aftereffect 
model is assumed1'5 and results obtained with it are com- 
pared with experimental results. For simplicity, both ferro- 
magnet and antiferromagnet are assumed to have uniaxial 
anisotropies with their easy axes, parallel to the X direction. 
The total energy of the antiferromagnetic layer is expressed 
by 

U=XS,[KuDt sin2 6-Jex cos(0,- q>)]. (1) 

Here, Ku is the magnetic anisotropy constant of the antifer- 
romagnetic grain, and Jex is the exchange coupling constant. 
St and Dj are the interface area and the height of the antifer- 
romagnetic grain. 0t is the angle between the +X direction 
and the interface magnetic moment of the ith antiferromag- 
netic grain, and<p is the angle between the +X direction and 
the ferromagnetic moment. 

Eexi and H^ are introduced by 

^-"exi    •* ex^i •> 

Hai-KuSiDt. 

(2) 

(3) 

In this study, the ferromagnetic moment is antiparallel to the 
easy axis, and substituting tp for TT, the energy of ith antifer- 
romagnetic grain (Ut) is expressed by 

US = H~ sin2 8, + E, cos #,-, 

dUi/d0i = 2Hdi sin 0t cos #, —£exi sin 0t 

= 2Hai sin 0,(cos e-Eexi/2Ha). 

(4) 

(5) 

When Ha, is larger than Eexi/2, the energy profile shows two 
local minimums at 6=0 and TT, respectively. The energy of 
the barrier is written as 

£bi=tfai[l + (£ex/tfai)2/4]. (6) 

Therefore, pi+(t) and Pi-(t) are determined by their initial 
values and thermal excitation of the particles. {pi+ : the 
probability of the ith grain at higher minimum energy (0=0), 
Pi--, the probability of the ith grain at lower minimum en- 
ergy (0= TT)]. The main equations to determine them may be 
written as follows: 

dpi-/dt=v0{pi+ exp[-(£bi-£exi)/(fcr)] 

-pt- cxp(-Ebi+Eexd/(kT)]} 

Pi++Pi- = l 

(v0: trial number per second to overcome the barrier). 
Solving Eqs. (7) and (8), we get 

^._(0=^nf[l-exp(-r/r,.)] + (l-^0+)exp(-r/T;). 

Here, p£f=/?,-_(?=°°), the probability of the ith grain at the 
lower minimum energy at equilibrium, and T,- , the relaxation 
time, are expressed by 

(7) 

(8) 

(9) 
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FIG. 3. Dependence of normalized exchange field change on annealing time 
for (a) NiFe/FeMn, (b) NiFe/NiMn, (c) NiFe/PdPtMn, and (d) NiO/NiFe. 

p™=l/{l+exp[-2Eex/(kT)]} (10) 

1/T,= I'0{exp[-(£bi-£exi)/(&7,)] 

+ exp[-(Ebi+EeJ/(kT)]}. (11) 

In this study, the initial value of p0 + is nearly equal to 1 and 
p™f is nearly equal to 1 at equilibrium. Therefore, Eq. (9) is 
expressed by 

pI-_(f)=l-exp(-r/Ti). (12) 

Here, we introduce the distribution of the relaxation time for 
spin rotation, which arises from the distribution of grain size 
in the antiferromagnetic layer. The distribution function is 
assumed to be expressed by 

/ 
g(r)/TdT= 1. (13) 

When g(r) is assumed to be uniform between Tmin and rmax 

(that is, the distribution of grain size in the antiferromagnetic 
layer is assumed to be uniform between maximum grain size 
and minimum grain size), the annealing-time-dependent 
change of Hex is expressed by8 

AHex=2%EexiPi_/MsVm 

-:2Hex0\l-j[g(T)/T]e->/Tdi 

:2#exo[l+(-ln rmax+0.577 + ln f)/ln(rmax/rmin)] 
(14) 

(M Vm : saturation magnetization and volume of the ferro- 
magnet). Therefore, the annealing-time-dependent change in 
Hex is expressed by 

AHex/Hex0 = h + Kln(t) (15) 
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FIG. 4. Coefficient K dependence on normalized annealing temperature 
(T/TB). 

(A//ex: change in exchange field, Hex0: initial exchange 
field, h: rapid decrease term of Hex caused by the distribu- 
tion of local blocking temperature, K: coefficient for 
annealing-time-dependent change in Hex). 

That is, the annealing-time-dependent change in Hex is 
explained by thermal fluctuation aftereffect and is propor- 
tional to the logarithm of annealing time. 

C. Experimental results for annealing-time-dependent 
change in Hex 

Figures 3(a)-3(d) shows the change rate of the Htx de- 
pendence on annealing time. Experimental results agree well 
with those obtained with the thermal fluctuation aftereffect 
model, and the annealing-time-dependent change in Htx is 
proportional to the logarithm of annealing time. The slope 
versus logarithm of annealing time (coefficient K) increases 
with an increase in annealing temperature, because exchange 
anisotropy rotation arises from thermal fluctuation. For NiO/ 
NiFe films, Hex change rate dependence on annealing time is 
strong. Figure 4 shows coefficient K dependence on anneal- 
ing temperature. In Fig. 4, annealing temperature is normal- 
ized by TB. Coefficient K increases with increasing anneal- 
ing temperature, and different antiferromagnets have 
different K values. It is shown that K is much smaller for 
FeMn than for NiMn, PdPtMn, and NiO. That is, the energy 
barrier for anisotropy rotation is larger for FeMn than that for 
NiMn, PdPtMn, and NiO, when annealing temperature is 
normalized by the respective blocking temperatures of the 
materials. Taking these blocking temperatures into account, 
however, the rate of decrease in Hex for NiMn/NiFe is esti- 
mated to be no more than 20% after 105 hours of annealing 
at 100 °C, while for FeMn/NiFe it is 150%. From the view- 
point of device application, therefore, NiMn is proven to be 
the most promising antiferromagnet in terms of thermal sta- 
bility. 
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MgO/Cr70Al30/Fei9Ni81 and ZnO/Cr70Al30/Fe19Ni81 layered films with different buffer layer 
thicknesses were prepared on (100)Si substrates in order to investigate the relationship among the 
exchange-coupling field, the grain size, and the lattice constant of the antiferromagnetic layer. The 
exchange-coupling field was found to consist of the intragrain exchange coupling and the intergrain 
coupling fields. The former field is inversely proportional to the product of the lattice constant and 
the grain size. The latter field is constant and changes its sign in association with the increase of the 
buffer layer thickness. [S0021-8979(98)48311-7] © 1998 American Institute of Physics. 

I. INTRODUCTION 

Unidirectional anisotropy induced by the exchange cou- 
pling between ferromagnetic and antiferromagnetic layers is 
useful for stabilizing ferromagnetic domain structures in 
magnetoresistive sensors and spin valve heads. For these ap- 
plications, a variety of antiferromagnetic/ferromagnetic bi- 
layers such as MnFe/Fe-Ni, NiMn/Fe-Ni, NiO/Fe-Ni, and 
CrMnPt/Fe-Ni have been intensively investigated.1-5 

Recently we have found that Cr70Al30 alloy is promising 
as an antiferromagnetic layer for the exchange-coupled bi- 
layer because of its high Neel temperature of 900 K,6 high 
corrosion resistance, and high electrical resistivity of 1300 
fifl cm at room temperature. Our previous studies showed 
that the exchange-coupling field of Cr70Al30/Fe19Ni81 bilay- 
ers ranges about 100 Oe and is inversely proportional to the 
product of the antiferromagnetic grain size and the lattice 
constant.7'8 

In the present study, MgO (or ZnO)/Cr70Al30/Fe19Ni81 

layered films with different buffer layer thicknesses were 
prepared to alter the crystallographic states in the antiferro- 
magnetic layer such as the grain size and the lattice constant. 
The effects of the crystallographic states on the exchange- 
coupling field are discussed in terms of the intergrain cou- 
pling. 

II. EXPERIMENT 

MgO (or ZnO)/Cr70Al30/Fe19Ni81 layered films were de- 
posited on (100)Si substrates by a magnetron sputter deposi- 
tion method. The MgO or ZnO buffer layer was first depos- 
ited with a rf power of 200 W, and then Cr70Al30/Fe19Ni8] 

bilayers were deposited with a dc power of 30 W. The MgO 

buffer layer thickness was varied from 0 to 1000 Ä, while the 
ZnO buffer layer thickness was varied from 0 to 500 Ä. The 
base pressure before the deposition was 4X10-7 Torr. Ar- 
gon pressure during the deposition was 4 X 10"3 Torr for the 
buffer layers and the following bilayers. A magnetic field of 
300 Oe was applied during the deposition. No postannealing 
was carried out. 

Magnetization measurements were performed by a vi- 
brating sample magnetometer (VSM). The exchange- 
coupling field HeK was defined as the shift of the hysteresis 
loop along the applied field axis. The crystal structure, the 
grain size, and the lattice constant were examined by x-ray 
(Cu Ka) diffractometry. 

III. RESULTS AND DISCUSSION 

The exchange-coupling field Hex appears when the 
Cr70Al30 layer thickness reaches about 300 Ä. This critical 
thickness is much thicker than that for MnFe (~50Ä),3 

suggesting that the magnetocrystalline anisotropy of the 
Cr70Al30 layer is relatively small, and the Cr70Al30 layer can- 
not sustain a single antiferromagnetic domain structure. The 
exchange-coupling field Hsx is thus considered to appear 
when the antiferromagnetic layer is thick enough to accom- 
modate an antiferromagnetic domain wall parallel to the film 
surface. In other words, the antiferromagnetic/ferromagnetic 
interfacial exchange coupling energy arises from the forma- 
tion of the antiferromagnetic domain wall. Therefore we 
fixed the antiferromagnetic Cr70Al30 layer thickness at 1000 
A, and varied the MgO or ZnO buffer layer thickness in 
order to change the grain size and the lattice constant of the 
Cr70Al30 layer. The x-ray diffraction analyses show that the 
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FIG. 3. Ha vs (MstfaD)-1 plot for MgO (•) [or ZnO (O)]/Cr70Al30/ 
Fe,9Nig| layered films with different buffer layer thickness fbuffcr. 

Cr70Al30 layer has a bcc structure and that no clear preferen- 
tial orientation is obtained for all the thicknesses of the 
buffer layers. 

Figures 1(a) and 1(b) show the grain size D and the 
lattice constant a of the antiferromagnetic Cr70Al30 layer as a 
function of buffer layer thickness fbuffer • The grain size D 
was evaluated by Scherrer's equation. For both MgO and 
ZnO buffer layers, the values of D sharply increase with 
buffer and are almost saturated at around tb]lii^\00 K. In 
the case of the MgO buffer layer, the value of D again in- 
creases gradually above fbuffer^SOOÄ. On the other hand, 
the values of a for both MgO and ZnO buffer layers seem 
saturated above fbuffer^lOOÄ, indicating that the lattice 
strain at the interface between the buffer layer and the 
Cr7oAl30 layer is released with increasing buffer • 

These variations clearly reflect on the exchange-coupling 
field Hex and the coercive field Hc as shown in Figs. 2(a) and 
2(b). The variations of //ex and Hc are quite similar. For the 
films with the MgO buffer layer, both Htx and Hc decrease 
remarkably up to ^buffer*5* 100 Ä followed by gradual increase 

1000 

FIG. 2. (a) The exchange-coupling field Hcx and (b) the coercive field Hc as 
a function of buffer layer thickness tbaffa for MgO (•) [or ZnO (O)]/ 
Cr70Al30/Fe19Ni81 layered films. 

at around /buffer^500 A. For the ZnO buffer layer, no 
gradual increase at fbuffer"0 500 A was observed. 

In our previous study,8 we have shown that the 
exchange-coupling field is given by the sum of the intrinsic 
intragrain exchange-coupling field H™x and the extrinsic in- 
tergrain coupling field Hg. Since the Cr70Al30 layer is poly- 
crystalline solid solution, the random field approximation9 

was applied to evaluate the intrinsic exchange-coupling field 
//" from the microscopic exchange energy at the interface 
7;. Taking the grain size D as a characteristic length of the 
exchange-coupling area, the effective exchange-coupling en- 
ergy 7eff is given by 7eff=/,7,/V]v:=/,a/,/£), where N is the 
number of exchange coupled spin pairs at the interface plane, 
/, is the structural parameter of order unity, and a is the 
lattice constant of the antiferromagnetic layer. The intrinsic 
exchange-coupling field #™ is thus given by H'"x 

=fjJi/MstfaD, where Ms is the saturation magnetization of 
the ferromagnetic layer and tf is the thickness of the ferro- 
magnetic layer. This shows that H™x is inversely proportional 
to MstfdD. On the other hand, the extrinsic intergrain cou- 
pling field Hg is caused by the intergrain coupling which 
arises from the coupling between the antiferromagnetic 
grains through the grain boundaries or the ferromagnetic 
layer. 

Using the obtained values of D and a, //ex was plotted 
against {MstfaD)~~x in Fig. 3. All the values of 7/ex are 
categorized into two lines with the same inclination which 
gives a reasonable magnitude of the microscopic exchange 
energy 7, = 9.3X 10~16 erg. This value is in good agreement 
with the exchange energy evaluated from the Neel tempera- 
ture of Cr70Al30. The value of Hg is negative (— 20 ± 1 Oe) 
when the thickness buffer is lower than 200 A, whereas it is 
positive ( + 21±1 Oe) when the thickness buffer is in the 
range from 200 to 1000 A. This behavior is purely originated 
from the crystallographic states of the Cr70Al30 layer, be- 
cause the same tendencies were observed, regardless of the 
kind of buffer layer. As mentioned above, therefore, the ori- 
gin of H„ is the intergrain coupling through the antiferro- 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Ikarashi et al. 7215 

__j—!—p-j.—j—j—f—j—j—j. 

J I 1 I 1 I I l_ 

125 

FIG. 4. The exchange-coupling field Hex as a function of ferromagnetic 
layer thickness tf for MgO/Cr70Al30/Fe19Nisl layered films with different 
buffer layer thickness rbuffer. 

magnetic grain boundaries or through the ferromagnetic 
layer. 

In order to make this point clearer, Cr70Al30/Fe19Ni81 

bilayers with different Fe19Ni81 thicknesses (tf= 30, 50, 80, 
and 100 Ä) were prepared on MgO buffer layers of 1000 or 
100 Ä. As shown in Fig. 4, the value of Hex varies inversely 
proportional to the thickness tf in keeping with the relation- 
ship that the exchange-coupling field Hex for the thicker 
MgO buffer layer is larger than that for the thinner one by 
2Hg. By using the data in Fig. 4, MsHextf vs Mstf plot was 
then carried out in Fig. 5. Since the relationship between the 
intrinsic and extrinsic exchange energies is given by 
MsHtxtf=fiJilaD + MsHgtf, the value and sign of Hg can 
be determined as slopes from the MsHextf vs Mstf plot. It 
should be noted that the first intrinsic energy term is constant 
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FIG. 5. MsHatf vs Mstf plots for MgO(1000 Ä)/Cr70Al30(1000 Ä)/ 
Fe19Ni81(50 A) layered films (•), and MgO(100Ä)/Cr70Al30(1000Ä)/ 
Fe19Nigl(100Ä) layered films (O). 

for the fixed buffer layer thickness since the antiferromag- 
netic grain size and the lattice constant are the same. The 
values of /,-/,■/aD are 15X 10~2 erg/cm2 for fbuffer 

= 1000Ä and 18X10~3 emu/cm2 for fbuffer=100A. Two 
linear lines are clearly observed with positive (+19 Oe) and 
negative (- 18 Oe) slopes, indicating that the transition from 
the negative Hg to the positive Hg occurs with increasing the 
antiferromagnetic grain size D. This implies that when the 
MgO buffer layer is thin, the antiferromagnetic Cr70Al30 

grains weakly couple through the grain boundaries, suppress- 
ing the formation of the antiferromagnetic domain wall. On 
the contrary, the antiferromagnetic grain growth associated 
with the increase of the buffer layer thickness ?buffer leads to 
a magnetically separated antiferromagnetic configuration, 
encouraging the formation of the antiferromagnetic domain 
wall during the magnetization reversal. Although the above 
explanation describes the trend of the transition, it is difficult 
to explain the origin of the positive Hg. This requires further 
study. 

In conclusion, the exchange-coupling mechanism of the 
MgO (or ZnO)/Cr70Al30/Fe19Ni81 layered films with differ- 
ent buffer layer thicknesses was investigated in connection 
with the crystallographic states in the antiferromagnetic 
layer. The grain size and the lattice constant of the Cr70Al30 

layer were significantly varied with the thickness of the 
buffer layer. The exchange-coupling field was found to con- 
sist of the intragrain intrinsic exchange-coupling field and 
the intergrain exchange-coupling field. The former is in- 
versely proportional to the product of the lattice constant and 
the grain size. The latter changes its sign from negative to 
positive when the thickness of the buffer layer exceeds 
200 Ä. 
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Exchange biasing properties of the NiFe/lrMn exchange couple were investigated by varying the 
IrMn composition and sputtering conditions. At a composition of Ir20Mn80 an exchange field of —60 
Oe and a coercivity of 8 Oe were obtained for the structure Si/Ta-75 Ä/NiFe-250 Ä/IrMn-500 Ä. 
The maximum exchange field obtained was similar for rf diode, rf magnetron, and dc magnetron 
sputtering of the IrMn. X-ray diffraction measurements showed that the crystalline texture was (111) 
for both the NiFe and IrMn, but a strong crystalline texture did not necessarily correspond to a large 
exchange field. The interfacial exchange energy, Jk, was evaluated to be 0.145 erg/cm2 and the 
minimum thickness of IrMn needed to support an exchange field was 75 Ä. The blocking 
temperature was measured to be a function of the IrMn thickness and was in the range of 220- 
250 °C for thicknesses >200 Ä. Below this, the blocking temperature rapidly decreased to a value 
of 130 °C at 75 Ä of IrMn. Corrosion testing was done in a Battelle Class II type corrosive 
environment. Using the exchange field as a figure of merit, it was found that the IrMn corrosion 
properties were only slightly better than FeMn, and significantly worse than NiMn and CoNiO. We 
were also able to successfully fabricate NiFe based spin-valves pinned with IrMn and they show 
good magnetic properties. Our results show than IrMn is a good alternative to FeMn. © 1998 
American Institute of Physics. [S0021-8979(98) 18211-7] 

I. INTRODUCTION 

FeMn and NiO are the most commonly used antiferro- 
magnetic exchange biasing materials.1'2 However, neither of 
them are ideal. FeMn has both poor corrosion resistance and 
poor temperature stability with a blocking temperature of 
150 °C. NiO fares much better in these two areas, but has a 
low interfacial exchange energy of 0.059 erg/cm2 which ren- 
ders it unsuitable for high density, narrow track width appli- 
cations. IrMn is a possible alternative material which was 
reported to have a good combination of exchange fields, cor- 
rosion resistance and temperature stability when coupled 
with Co90Fe10.3 

In this article, the magnetic properties of IrMn when 
exchange coupled to NiFe are examined as a function of 
composition and sputtering parameters. The temperature sta- 
bility was also investigated with respect to IrMn thickness. 
Corrosion properties were measured in an environmental 
chamber and compared with FeMn, CoNiO, and NiMn. Fi- 
nally, NiFe based spin-valve structures were fabricated with 
IrMn as the exchange pinning material, and these showed 
good magnetic properties. 

II. EXPERIMENTAL PROCEDURE 

IrMn was deposited from a Mn target with Ir chips 
bonded to it. The number of Ir chips attached was adjusted in 
order to obtain optimum magnetic properties. These proper- 
ties were characterized with &B-H loop tracer and vibrating 
sample magnetometer. Rf diode sputtered films were depos- 
ited in a unidirectional field of 35 Oe to define the pinning 
direction. Magnetron sputtered films had no external fields 
applied. Crystallographic properties were measured with a 
x-ray diffractometer and compositional information was ob- 
tained with an Energy Dispersive X-ray Fluorescence ma- 

chine. Corrosion measurements were done in a Battelle Class 
II environmental chamber previously described.4 

III. RESULTS AND DISCUSSION 

A. Magnetic properties 

Good exchange biasing properties of the NiFe/lrMn 
couple were obtained when the IrMn films deposited were in 
the antiferromagnetic phase. This corresponds to an Ir con- 
tent in the range of 16-32 at. %. The Ir20Mn80 composition 
had the highest exchange fields as shown in Fig. 1(a). 

The biasing properties were further optimized by vary- 
ing the sputtering conditions. In all these experiments, the 
NiFe thickness was kept constant at 250 Ä. A strong (111) 
texture for NiFe and IrMn was observed as is plotted in the 
x-ray scan in Fig. 1(b). The (111) peak of IrMn occurs at an 
angle 20=41.52°, which corresponds to a lattice constant, a, 
of 3.76 Ä. 

The effect of varying the deposition pressure while keep- 
ing the power constant at 250 W is shown in Fig. 2. Also 
plotted in that figure is the (111) peak intensity, in counts, of 
the IrMn layer, which indicates the strength of this texture. 
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FIG. 1. (a) He and Hc for samples with different compositions sputtered at 
250 W rf power and (b) a typical x-ray scan of a NiFe/Ir20Mn80 sample. 
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The plot shows that the exchange field (He) increases with 
increasing sputtering pressure to a maximum of 37 Oe at 30 
mT of pressure. The (111) peak intensity of IrMn does not 
show a clear correlation with the exchange field. It does ap- 
pear that a poor (111) texture corresponds to a large ex- 
change field. Substrate bias is undesirable for good exchange 
properties, since zero bias yields the largest exchange field as 
shown in Fig. 3. Also, poor (111) crystalline texture of the 
IrMn is seen at zero bias. The exchange field increases as the 
sputtering power decreases and reaches a maximum of 55 Oe 
at 50 W of power as illustrated in Fig. 4. The IrMn (111) 
peak intensity seems to generally follow the opposite trend, 
increasing in intensity with increasing power. It can be con- 
cluded that low power, high pressure and zero substrate bias 
are desirable for good exchange fields, while strong (111) 
texture for IrMn does not correspond to good biasing fields. 
These samples also had coercivities of 4-12 Oe. 

The effect of using magnetron sputtering instead of the 
previously used rf diode sputtering was studied with samples 
of the same structure. Optimizing the sputtering conditions 
for both rf and dc magnetron sputtering yielded a maximum 
exchange field of 57 and 62 Oe, respectively. These values 
are similar to those obtained with rf diode sputtering. 

A minimum thickness of 75 Ä of IrMn is needed for a 
large exchange field to be observed as shown in Fig. 5(a). 
Above this value, the exchange field reaches a peak of about 
58 Oe with 200 Ä and then gradually decreases on increasing 
the IrMn thickness. This is a commonly observed trend with 
exchange biasing materials. The exchange fields also follow 
the usual inverse relationship with the thickness of NiFe as 
illustrated in Fig. 5(b). By fitting a lit curve to the data, an 
interfacial exchange energy, Jk, of 0.145 erg/cm2 is calcu- 
lated. This value is larger than that of NiO, CoNiO, and 
NiMn as-deposited, but lower than that obtained when NiMn 
is annealed. 
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FIG. 2. He and IrMn (111) peak intensities vs sputtering pressure at 250 W 
rf power for NiFe-250 Ä/IrMn-500 Ä samples. 
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FIG. 3. He and IrMn (111) peak intensities vs substrate bias at 250 W rf 
power and 30 mT pressure for NiFe-250 Ä/IrMn-500 Ä samples. 

& 

0      50     100    150    200    250    300    350 
Rf Power [Wl 

FIG. 4. He and IrMn (111) peak intensities vs power at a sputtering pressure 
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B. Temperature properties 

The blocking temperature was measured for several 
samples, with different IrMn thicknesses and these results 
are plotted in Fig. 6(a). In this figure, the exchange field for 
each sample is normalized to the original exchange field ob- 
tained at room temperature. This value decreases monotoni- 
cally for all the samples. For thicknesses of 200 A and 
above, the plotted lines are virtually the same leading to a 
blocking temperature in the range of 200-250 °C. Below this 
thickness of IrMn, the blocking temperature falls off and is 
about 130 °C for a 75 Ä IrMn film. This trend is plotted in 
Fig. 6(b) and can be explained in terms of a "finite size 
effect." The phenomenon arises out of the finite size of the 
system which bounds the correlation length5 and can be de- 
scribed by a simple scaling law shown in Eq. (1). In this 
equation, TB is the blocking temperature, t is the thickness of 
IrMn, C0 is the correlation length at T=0 K, and \ is the 
shift exponent for finite size scaling:6 

TB{°°)-TB{t) 

rB(») 
(i) 

Assuming TB(<*>)=523 K (250 °C), [l-TB/TB(<*)] is plot- 
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FIG. 5. He vs (a) the thickness of IrMn and (b) the thickness of NiFe, 
keeping NiFe constant at 250 Ä and IrMn constant at 500 Ä, respectively. 
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FIG. 6. (a) Normalized He vs temperature for Si/Ta/NiFe-250 Ä/IrMn-X Ä 
with IrMn thickness as a parameter and (b) blocking temperature vs IrMn 
thickness. 
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ted versus the IrMn layer thickness in a log-log plot shown 
in Fig. 7. The linear curve fit yields a value of 1.5 for \, 
which is close to the theoretical value.6 

C. Corrosion measurements 

The corrosion resistance measurements were done in a 
Battelle Class II type of environment. The samples were ex- 
posed to the pollutants in an impinging jet configuration 
which was designed to have good uniformity of exposure of 
the sample surface to the pollutants. The parameters of the 
experiment are noted in the table inset of Fig. 8. Samples 
were cut into equal sizes to minimize any skewing of the 
data due to size effects. The exchange field was used as the 
figure of merit and was measured after successive exposures 
in the chamber. The sample structure used was: substrate/ 
NiFe-250 Ä/exchange material-500 Ä. The exchange mate- 
rials tested were FeMn, NiMn, CoNiO, and IrMn. The nor- 
malized exchange field vs exposure time is shown in Fig. 8. 
From the figure, it can be seen that CoNiO has the best 
corrosion properties, showing no degradation over the entire 
exposure time of 140 h. NiMn is second best, showing very 
little deterioration of the exchange field up to 40 h of expo- 
sure at which point the IrMn and FeMn provide almost no 
exchange bias. Between 15 and 40 h of exposure, the IrMn 
out performs the FeMn. As a comparison, metal-evaporated 
tape has a similar corrosion resistance, in terms of magnetic 
moment reduction over time, as does NiMn.4 

D. NiFe based IrMn pinned spin-valves 

NiFe based spin valves with an IrMn pinning layer were 
fabricated with and without Co to enhance the GMR effect. 
The large pinning field of IrMn is illustrated in the hysteresis 
loop of a NiFe spin valve shown in Fig. 9(a). In this case, a 
pinning field of 650 Oe was obtained for 29 Ä of NiFe. The 
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FIG. 8. Normalized He vs exposure time for several exchange couples with 
the structure substrate/NiFe-250 Ä/exchange material-500 Ä. 
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FIG. 9. (a) MH Loop of a spin valve with the structure Ta/NiFe-67 A/Cu-27 
Ä/NiFe-29 Ä/IrMn-125 Ä. (b) MR loop of the free layer of a Co enhanced 
spin valve with the structure Ta/NiFe-47 A/Co-17 Ä/Cu-24 Ä/Co-13 A/ 
NiFe-22 Ä/IrMn-200 Ä. 

MR response of a Co enhanced spin valve is shown in Fig. 
9(b). The maximum MR value in this case, with Co on both 
Cu interfaces is 8.7%. NiFe only spin-valves and Co on the 
pinned layer/Cu interface spin-valves had MR ratios of 4.9% 
and 7.4%, respectively. 

IV. SUMMARY 

By varying the IrMn alloy composition and sputtering 
conditions, an exchange field of 60 Oe was obtained when 
Ir20Mn80 was coupled with 250 Ä of NiFe. This corresponds 
to an interfacial exchange energy of 0.145 erg/cm2. A mini- 
mum thickness of 75 Ä of IrMn was needed in order to 
provide a large exchange. The blocking temperature was 
found to be a function of IrMn thickness and, this was ex- 
plained in terms of a finite size effect. At thicknesses of 
IrMn>200 Ä, the blocking temperature was in the range of 
220-250 °C. Corrosion measurements showed that IrMn was 
slightly less corrosive than FeMn, but worse than CoNiO and 
NiMn. NiFe based spin-valves fabricated with IrMn had an 
MR ratio as high as 8.7%. These spin-valves had a pinning 
field of 650 Oe for 29 Ä of NiFe. 

Our results show that IrMn has significantly superior 
temperature stability and exchange biasing properties when 
compared to FeMn. However, it has only marginally better 
corrosion resistance than FeMn. We have also found a de- 
pendence of the blocking temperature on the thickness of 
IrMn. Considering all these properties, IrMn appears to be a 
good alternative to FeMn for providing domain stabilization 
for MR heads and a pinning layer for spin-valve heads. 
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Spin-flop tendencies in exchange-biased Co/CoO thin films 
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In order to study the antiferromagnetic (AFM) spin structure near the interface of exchange-biased 
bilayers, polarized neutron diffraction measurements were performed on a series of (111) Co (7.5 
nm)/CoO (X nm) and CoO (X nm) thin films where X=20, 40, and 100 nm. In these samples, field 
cooling through the Neel temperature of the AFM increases the component of the CoO moment 
perpendicular to the applied field, relative to the parallel component. The subsequent application of 
a 500 Oe field perpendicular to the cooling direction rotates both the Co and CoO moments. 
Experiments on CoO films without Co showed a smaller difference between the parallel and 
perpendicular CoO moments in response to cooling and applied fields. Exchange coupling between 
the Co and CoO layers is apparently responsible for the increased projection of the AFM moments 
perpendicular to the cooling field. © 1998 American Institute of Physics. 
[S0021-8979(98)53011-3] 

The term "exchange biasing" describes a phenomenon 
associated with interfacial coupling between ferromagnetic 
(FM) and antiferromagnetic (AFM) materials. In particular, a 
shift of the magnetic hysteresis loop along the field axis is 
observed after field cooling these composites through the 
Neel temperature of the AFM. Since its discovery over 40 
years ago in oxidized Co particles,1 a number of experimen- 
tal studies2"6 have focused on layered systems because of 
their potential applications in magnetic sensors.7 Still unre- 
solved, however, is the link between exchange biasing and 
the microscopic orientation of the spins in the AFM layer. 
Early theories1'8'9 assumed that the AFM spins at the inter- 
face couple collinearly to the FM layer. Alternately, Koon10 

has suggested that the AFM and FM spins can align perpen- 
dicular depending on the interfacial structure. Takano et al.5 

observed a correlation between the thermoremanent moment 
of polycrystalline CoO/MgO multilayers and the exchange 
biasing field of CoO/permalloy bilayers. This result sug- 
gested that uncompensated interfacial spins are the principal 
origin of exchange biasing in that system. Unfortunately, it is 
difficult to determine the AFM spin structures involved in 
exchange biasing because few experimental techniques can 
probe AFM order in buried and interfacial layers. 

The scope of the present experiment is to determine the 
orientation of the AFM moments relative to the FM spins in 
(111) Co (7.5 nm)/CoO (X nm) thin films (X=20, 40, and 
100 nm) using polarized neutron diffraction methods. After 
field cooling our epitaxial samples, we find that the percent- 
age of CoO spins perpendicular to the field exceeds the per- 
centage of parallel spins. The difference between the parallel 
and perpendicular AFM moment projections in the Co/CoO 
bilayers appears to be induced by proximity to the FM layer. 

"'Electronic mail: borchers@rrdstrad.nist.gov 

This behavior may arise from perpendicular coupling be- 
tween the Co and CoO spins, as predicted by Koon.10 

For this study, the CoO films were reactively sputtered at 
100 °C in 2 mTorr, of Ar and a small partial pressure of 
oxygen (0.09 mTorr) onto 1 in-diam (0001) A1203 substrates. 
We examined five single-layer and bilayer samples with dif- 
fering compositions, Si02 (10 nm)/CoO (X)/A1203 

(X=40 and 100 nm) and Si02 (10 nm)/Co (7.5 nm)/CoO 
(X)/A1203 (X= 20, 40, and 100 nm). In order to induce ex- 
change biasing and uniaxial anisotropy in the FM layer, the 
Co/CoO bilayers were deposited in a 300 Oe field applied 
along the [1120] A1203 in-plane axis. High-angle x-ray dif- 
fraction confirms that the CoO layers are epitaxial with (111) 
preferred orientation and are twinned in the growth plane.11 

Fits to x-ray reflectivity data for the Co/CoO (40 nm) bilayer 
indicate that the width of the Co/CoO interface is approxi- 
mately 1.0 nm due to roughness or interdiffusion. 

Magnetization measurements, performed in a supercon- 
ducting quantum interference device (SQUID) magnetome- 
ter, reveal that exchange biasing is observed for a compa- 
rable epitaxial Co/CoO (100 nm) bilayer grown under 
similar conditions on a smaller substrate. Figures 1(a) and 
1(b) show hysteresis loops at 10 and 200 K respectively after 
cooling in a 10 kOe field applied along the same direction as 
the growth field. Both the coercive field and the exchange- 
biasing field, Heb, change as a function of temperature, as 
shown in Fig. 1. These field values are expected to differ for 
bilayers with thinner CoO and may depend on the film struc- 
ture as determined by the substrate characteristics. 

For these and related biased layers,12 the temperature 
marking the onset of biasing is nearly equal to the Neel tem- 
perature, TN, of the AFM component. Bulk CoO orders as a 
collinear antiferromagnet below 7^=291 K. The spins are 
ferromagnetically aligned in (111) sheets and are nearly per- 
pendicular to a (111) axis. The moment direction alternates 
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FIG. 1. Magnetization as a function of field for a Co/CoO (100 nm) bilayer 
at (a) 10 K and (b) 200 K after field cooling from room temperature in a 10 
kOe field applied along the in-plane easy axis. 

in neighboring (111) planes.13 The CoO spins can thus align 
in any of four equivalent {111} domains. For our thin films, 
the [111] "propagation axis" of one of these domains is 
parallel to the growth directions. Due to twinning, however, 
there are six additional propagation axes tilted 70.5° from the 
[111] growth direction. Complementary neutron diffraction 
studies14 revealed that a large portion of the CoO spins reside 
in these six off-axis domains. We restricted our study to the 
characterization of those spins in the (111) growth-axis do- 
main, which give rise to a (1/2 1/2 1/2) magnetic reflection 
in our neutron data. 

To characterize the AFM structure associated with the 
biased state in the Co/CoO bilayers, we performed polarized 
neutron diffraction measurements on these samples using the 
spin-polarized triple-axis spectrometer (SPINS) at the NIST 
Research Reactor. An electromagnet provided fields ranging 
from 50 to 2400 Oe. Since the maximum field is limited, we 
examined our samples at 200 K, rather than 10 K, in order to 
ensure saturation of the Co layer upon field cooling (Fig. 1). 
On the SPINS spectrometer, polarizing elements were posi- 
tioned before and after the sample to select the spin direction 
of the incident and scattered neutrons. The polarization effi- 
ciencies were approximately 92%. For all scans through the 
(1/2 1/2 1/2) CoO reflection, we measured both the non- 
spin-flip (NSF) and spin-flip (SF) scattered intensities. The 
NSF intensity is proportional to the square of the average 
CoO moment projection parallel to the vertical applied field, 
while the SF intensity is proportional to the square of the 
average moment projection perpendicular to the field. 
These moment projections may belong to the same or to 
different (111) domains. 

Figure 2 shows typical scans through the (1/21/2 1/2) 

FIG. 2. Polarized neutron diffraction scan through the (1/2 1/2 1/2) reflec- 
tion for a Co/CoO (100 nm) bilayer at 200 K. The wave vector Q is defined 
as f2 = (47r/\)sin 6 where the neutron wavelength \ = 0.417 nm and 0is the 
scattering angle. The shaded circles represent the NSF intensity and the 
open circles mark the SF intensity. The data in (a) were obtained after 
demagnetizing the sample and then cooling in zero field. The data in (b) 
were obtained in a 2200 Oe field after field cooling in - 2200 Oe from room 
temperature. These data have not been corrected for the efficiencies of the 
polarizing elements. 

reflection for the Co/CoO (100 nm) bilayer at 200 K. After 
cooling the sample in zero field, the NSF and SF intensities 
are approximately equal [Fig. 2 (a)]. These results are con- 
sistent with random orientation of the CoO spins within the 
growth plane. Upon cooling in a - 2200 Oe field and mea- 
suring in a 2200 Oe field, the SF intensity increases slightly 
relative to the NSF as shown in Fig. 2(b). To determine if 
this difference is significant, we counted the NSF and SF 
intensities at the center of the (1/2 1/2 1/2) reflection for ex- 
tended times. Upon demagnetizing and zero field cooling, 
the ratio of the NSF to SF intensity is 1.001 ±0.011, com- 
pared to a ratio of 0.941 ±0.017 for the same field prepara- 
tion as in Fig. 2(b). However, a single-layer CoO (100 nm) 
film also gives a NSF/SF ratio of 0.94± 0.012 upon field 
cooling in 2400 Oe (Fig. 3). The AFM spins in the Co/CoO 
(100 nm) bilayer do not clearly show any effects from cou- 
pling to the FM Co layer. Since the data in Fig. 2 represent 
the CoO spin configuration averaged both along the growth 
axis and across the growth plane, the direction of the CoO 
moments near the Co/CoO interface cannot be directly dis- 
tinguished from the direction of those moments in the re- 
mainder of the 100 nm layer. Any local deviations of the 
CoO spin direction at the Co/CoO interface may be masked 
by the bulk behavior of the thick AFM layer. 

To determine if the perpendicular AFM spins are close 
to the interface, we measured the (1/2 1/2 1/2) NSF and SF 
peak intensities for Co/CoO samples with thinner CoO lay- 
ers. Initially cooling in zero field, the Co/CoO (40 nm) bi- 
layer shows a tendency for perpendicular spin alignment 
(NSF/SF= 0.933±0.01). Upon field cooling and measuring 
in 2400 Oe, the NSF/SF ratio of 0.873±0.01 is significantly 
smaller than that for the Co/CoO (100 nm) sample, as shown 
in Fig. 3. This ratio varies only slightly up to 0.895±0.011 
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thinnest samples with the weakest intensities. 

when the field is lowered to 150 Oe. Thus this spin configu- 
ration appears to "freeze in" upon field cooling. The aver- 
age perpendicular projection of the CoO moment is at least 
3% larger than the parallel projection. For the Co/CoO (20 
nm) bilayer, a NSF/SF ratio of 0.928±0.017 was measured 
in 2300 Oe after field cooling. This value is comparable to 
that for the Co/CoO (40 nm) bilayer. As shown in Fig. 3, the 
Co/CoO (20 nm) and Co/CoO (40 nm) films have a larger 
fraction of perpendicular spins than the Co/CoO (100 nm) 
film. This result may indicate that the canted spins are con- 
fined primarily to a finite region near the Co/CoO interface. 
For a more careful check of this hypothesis, the NSF/SF ratio 
should be accurately measured over the entire Q range of the 
Bragg reflection (e.g., Fig. 2). 

Overall, these data suggest that the CoO spins in the 
biased bilayers prefer a perpendicular orientation relative to 
the cooling field. However, this alignment could either be a 
consequence of the Co/CoO interlayer coupling or a direct 
response to the cooling field. To distinguish between these 
two effects, we performed field-dependent diffraction mea- 
surements on a CoO (40 nm) film. Upon field cooling and 
measuring the sample in a 2300 Oe field, the ratio of the NSF 
to SF intensities for the (1/2 1/2 1/2) reflection is 1.02 
±0.017, which is significantly greater than the value mea- 
sured for the corresponding Co/CoO (40 nm) bilayer (Fig. 3). 
The random orientation of the AFM spins is unperturbed by 
cooling fields up to 2300 Oe. The preferred perpendicular 
orientation observed in Co/CoO bilayers thus appears to re- 
sult from interlayer coupling. The following measurement 
for the Co/CoO (40 nm) bilayer further supports this conclu- 
sion. We first cooled the sample to 200 K in a 2400 Oe field 
applied in-plane parallel to the Co growth field direction. We 
lowered the field to zero and then applied an in-plane field of 
500 Oe at an angle of 90° relative to the field cooling direc- 

tion while maintaining a temperature of 200 K. The resultant 
NSF/SF ratio is 1.02± 0.011, which is larger than the 0.873 
±0.01 ratio obtained in a 2400 Oe field after initially field 
cooling along the easy axis (Fig. 3). The "frozen" CoO 
spins thus try to align perpendicular to the reoriented Co 
layer moment. Since the 500 Oe field is too small to rotate 
the CoO spins, the moment reorientation is a direct response 
to the change in the Co magnetization direction. 

In conclusion, we observe a preferential orientation of 
the CoO moments away from the Co magnetization direction 
in (111) Co/CoO bilayers. Within the (111) growth-axis do- 
main, the perpendicular projection of the CoO moment rela- 
tive to the field direction is larger than the parallel projection 
for the three bilayers considered. This result is consistent 
with Koon's model,10 which predicts 90° coupling between 
the FM and AFM layers. The preferred perpendicular orien- 
tation of the AFM develops when the Co/CoO bilayer is field 
cooled through the AFM TN into the biased state. Thus the 
CoO spin reorientation appears to be a direct consequence of 
exchange coupling between the Co and CoO layers. Unfor- 
tunately, we cannot as yet determine if the perpendicular 
spins reside in the interfacial region, or if the spins in the 
off-axis {111} domains play an important role. By controlling 
the AFM spin population in the growth-axis and off-axis 
domains, future diffraction studies of related CoO films may 
indeed provide a complete understanding of the physical ori- 
gin of exchange biasing. 
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Dependence of exchange field and coercivity on cooling field 
in NiFe/CoO bilayers 

T. Ambrosea> and C. L. Chien 
Department of Physics and Astronomy, The Johns Hopkins University, Baltimore, Maryland 21218 

The effects of different cooling fields (HFC) on both the exchange field and coercivity in a NiFe/ 
CoO bilayer have been investigated. The exchange field is strongly effected by HFC at low field 
values and levels off at high values, whereas the coercivity is only weakly influenced. © 1998 
American Institute of Physics. [S0021-8979(98)48411-l] 

I. INTRODUCTION 

When a ferromagnet/antiferromagnet (FM/AF) bilayer is 
field cooled across the AF Neel temperature TN, an ex- 
change coupling is established.1 As a result, the hysteresis 
loop at T< TN is now shifted away from zero field. In addi- 
tion to this shift, known as the exchange field (HE), the 
coercivity (Hc) also increases. The exchange coupling dis- 
appears as the bilayer is brought above TN of the AF layer. It 
is thought that the magnetic field applied to the FM/AF bi- 
layer during field cooling plays an important role in estab- 
lishing a strong unidirectional anisotropy due to the ex- 
change coupling. Since the FM layer already orders at T 
>TN, some form of exchange coupling will result even 
without cooling in an external field. For example, previous 
work in FeMn/NiFe bilayers, with the deposition of the AF 
layer on top of a magnetized FM layer, has shown a dis- 
placed hysteresis loop without the necessity of field cooling.2 

The values of both HE and Hc, however, are less for the 
bilayer films without field cooling as compared to those of 
the field cooled bilayers. In the NiFe/NiO system, the as- 
deposited samples showed a shifted hysteresis loop at room 
temperature.3 The values of HE and Hc at room temperature 
in fact decreased after the samples were field cooled through 
the 7^=525 K of NiO. However, heating the sample at el- 
evated temperatures might have degraded the NiFe/NiO in- 
terface resulting in lesser exchange coupling values. 

It should be also noted that during the fabrication of the 
FM/AF bilayers, an in situ magnetic field in the deposition 
chamber is often used. In such cases, the as-prepared bilayers 
have already experienced field cooling. For ex situ field cool- 
ing, large cooling fields, 10 kOe or more are typically 
used.1"5 There have been no systematic studies of the effects 
of the value of the cooling field. 

In this work, we investigate the importance of the cool- 
ing field in the exchange coupling of NiFe/CoO bilayers. The 
magnitude of the cooling field HFC, has a significant effect 
on the resultant exchange coupling. The value of HE in- 
creases with HFC before saturation, whereas Hc increases 
marginally with HFC but decreases slightly at high HFC. 

II. EXPERIMENT 

For the present studies, a large bilayer sample of 300-A- 
thick NiFe (NiFe=Ni81Fe19) was deposited in a field of 200 

Oe on top of a [111] oriented CoO layer of 300 Ä. The [111] 
orientation is obtained by growing CoO on a 300 Ä Cu 
buffer layer on a Si [100] substrate. The sample was cut into 
many squares of a few mm each in size. Every field cooling 
study was made on a fresh sample at 80 K in either a vibrat- 
ing sample magnetometer (VSM) or a superconducting quan- 
tum interference device (SQUID) magnetometer with a spe- 
cific cooling field HFC. 

III. RESULTS AND DISCUSSIONS 

At 298 K, which is above the TN= 292 K of CoO, one 
obtains a narrow and square hysteresis loop, as shown in Fig. 
1(a), with HE=0 and Hc=3 Oe. Cooling the sample with 
HFC=0 Oe to 80 K yields a large hysteresis loop with 
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FIG. 1. Hysteresis curves for the 300 Ä NiFe/300 Ä CoO bilayer film at (a) 
room temperature and at (b) 80 K after zero field cooling. 
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FIG. 2. Representative hysteresis loops measured at 80 K of the 300 Ä 
NiFe/300 Ä CoO bilayers for cooling field HFC of (a) 5, (b) 20, (c) 100, and 
(d) 5000 Oe. 

HC=129 Oe as shown in Fig. 1(b), vividly revealing the 
exchange coupling. Since the bilayer sample was deposited 
in a field, exchange coupling has been locked in when the 
sample was cooled in HFC= 0. We have purposely placed the 
sample, so that the deposition field is in the negative H di- 
rection of the VSM, such that the loop in Fig. 1(b) is shifted 
to the right, instead of to the left of H= 0. 

In Fig. 2 some representative hysteresis loops are shown 
for various cooling field HFC values. As expected, the loops 
are now shifted to the left due to HFC. Even a small HFC 

(e.g., 5 Oe) can shift the loop from the positive side [Fig. 
1(b)] to negative side [Fig. 2(a)]. As the value of HFC in- 
creases both the shift in the loop (i.e., HE) and the loop 
width (i.e., Hc) are observed to increase. 

The values of the exchange field HE and the coercivity 
Hc are shown in Fig. 3 as a function of the cooling field 
HFC. The values of HE and Hc are determined from two 
fields (Hjeft and Hright) of the hysteresis loop where the mag- 
netization is zero by the relations of HE=—(Hlett 

+ Hright)/2 and Hc= -(//left-Hright)/2. In this convention a 
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FIG. 3. (a) Exchange field and (b) coercivity at 80 K as a function of the 
field cooling Hfc magnitude. The inset in (a) shows the increase in HE for 
small HFC and the inset in (b) shows the increase in Hc for small H¥C. 

hysteresis loop that is shifted to the left of H= 0 is defined as 
having a positive exchange field and Hc is always positive. 
As shown in Fig. 3(a), HE increases monotonically with HFC 

until it levels off at about HFC-S kOe. The rapid rise of HE 

for small values of HFC is shown in the inset of Fig. 3(a). 
Beyond HFC= 10 kOe, HE is essentially independent of HFC. 
For the coercivity Hc, there is a lesser effect due to HFC. 
The value of Hc rises from 129 Oe at HFC=0 to 142 Oe at 
HFC=20 Oe and remains essentially unchanged. Only at 
HFC=10 kOe, Hc begins to decrease slightly to 120 Oe at 
HFC=50 kOe. One notes that for small HFC (<100 Oe), the 
hysteresis loops are not as square as those for larger HFC as 
shown in Fig. 2. It should be mentioned that every data point 
in Fig. 3 has been obtained by measuring a fresh and differ- 
ent sample. All of these samples have been cut from a large 
bilayer. The consistency of the results is remarkable. 

In the present case of NiFe/CoO bilayers, even at 
HFC=50 kOe, the hysteresis loop is always shifted to the left 
of H=Q. In contrast, Fe/FeF2 bilayers are the only case that 
the loop can be shifted to the right of H=0 under a very 
large HFC,

4 probably because FeF2 has a weaker anisotropy 
as compared to CoO. 

It has recently been shown that the FM/AF exchange 
coupling involves unidirectional (UD) anisotropy and 
uniaxial (UA) anisotropy, giving rise to HE and Hc, respec- 
tively, both of which are integral parts of the exchange 
coupling.6 The results in Fig. 3 show that the UA anisotropy 
and Hc are weakly effected by the cooling field HFC. The 
value of HFC exerts the most influence on the UD anisotropy 
and HE, particularly at small HFC values. 
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Although uncoupled NiFe has a small Hc as shown in 
Fig. 1(a), the zero field cooled exchange-coupled NiFe at 80 
K shown in Fig. 1(b), has much larger Hc value of about 130 
Oe. During field cooling, the cooling field H¥C must be 
larger than 130 Oe to maintain the single domain state of 
NiFe. With HFC less than 130 Oe, the values of HE will be 
compromised. Indeed, the field range of 0<HFC<130 Oe 
causes the most changes in HE. At H¥C= 300 Oe, HE essen- 
tially reaches the terminal value. Once NiFe is aligned in the 
single domain state by a sufficiently large H¥C, any further 
effects on the FM magnetization and the AF spin structure 
are minimal. 

The results shown in Fig. 3 have been taken at 80 K. 
Since both Hc and HE have distinct temperature dependen- 
cies, we comment on the effect due to measurements at dif- 
ferent temperature. Using the film geometry of FM layer on 
top of the AF layer, HE saturates to a value at temperatures 
sufficiently below TN while Hc increases linearly with de- 
creasing temperature.7 If the measurement had been taken at 
a temperature lower than 80 K, the value of Hc increases but 
the value of HE remains unchanged. Both the zero field 
cooled and the field cooled samples will have a larger Hc at 
temperatures below 80 K. The results shown in Fig. 3 will be 
somewhat modified to reflect the lower measuring tempera- 
ture. A larger cooling field is also required to achieve the 
ultimate value of HE because the zero field cooled bilayer 
has a larger coercivity. 

Finally, in NiFe/CoO bilayers, the exchange coupling 
causes a shifted hysteresis loop and a very large enhance- 
ment of the coercivity by about 50 times. Both HE and Hc 

are tell-tale signs of exchange coupling. As shown in this 
work, while the value of HE can be varied to a large extent, 
the value of Hc remains essentially unchanged. 

IV. CONCLUSION 

In conclusion, the magnitude of the cooling field in es- 
tablishing FM/AF exchange coupling has a strong influence 
on the value of the resultant exchange field HE, whereas the 
coercivity Hc is much less effected. A cooling field in excess 
of the coercivity of the zero field cooled exchange-coupled 
FM layer is required in order to reach the ultimate value of 
HE. 
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First-principles exchange interactions between ferromagnetic 
and antiferromagnetic films: Co on NiMn, a case study 

T. C. Schulthessa) and W. H. Butler 
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Heisenberg exchange parameters at the interface of antiferromagnetic NiMn with ferromagnetic Co 
are calculated from first principles. We use a layer version of the Korringa-Kohn-Rostocker 
multiple-scattering approach and an expression, which is based on the expansion of the band energy, 
to calculate the exchange parameters from the underlying electronic structure. For bulk systems, the 
parameter sets yield Curie temperatures that are in good agreement with experimental values. In the 
interface region, the interlayer interactions in NiMn change significantly compared to the bulk while 
the intralayer interactions are almost unchanged. © 1998 American Institute of Physics. 
[S0021-8979(98)48511-6] 

I. INTRODUCTION 

Exchange interactions between ferromagnetic and anti- 
ferromagnetic films are of considerable interest since their 
understanding is closely related to the effect known as ex- 
change anisotropy (or exchange bias). Even though this ef- 
fect has been known since the late 1950s1 and has important 
technological applications, its understanding from a micro- 
scopic point of view is not established. A simple model that 
postulates exchange interactions between the antiferromag- 
net (AF) and the ferromagnet (FM) was introduced by Mauri 
et al.2 and explains the effect by a domain wall which is 
pushed into the AF when the magnetization in the FM is 
reversed. Malozemoff3 explained the exchange interaction 
with a random field that is attributed to the interface rough- 
ness. However experiments by Nogues et aÜ showed that 
exchange anisotropy for Fe/FeF2 is present with perfectly 
smooth interfaces and that the roughness actually reduces the 
bias field. Recently Koon5 used a Heisenberg model with 
nearest neighbor interactions to show that frustration effects 
near the interface favor the FM to orient perpendicular to the 
easy axis of the AF. In order to explain exchange anisotropy, 
the moments have to be confined to the plane parallel to the 
interface and there is no apparent physical justifications for 
this restriction.6 The major unknowns in the model are the 
exchange interactions between the AF and the FM. It is the 
purpose this work to provide such a set of exchange param- 
eters for an AF-FM system which should yield exchange 
anisotropy. If for example the AF-FM exchange interactions 
are very large compared to corresponding quantities in the 
AF, one could expect the net moment induced in the AF 
layer next to the interface to be large enough such that in- 
plane motion of the moments is forced by the magnetostatic 
interactions. 

In the present work we follow an approach proposed by 
Liechtenstein et al? in which Heisenberg exchange param- 
eters can be determined directly from first principles elec- 
tronic structure calculations. The system that we investigate 
is chosen to give the best compromise between relevance to 

real applications and the possibilities of state of the art elec- 
tronic structure methods. Usually Ni-Fe is used as a FM on 
AF NiMn substrates.8 In order to simplify the calculations 
we replace the random Ni-Fe alloy by a pure FM. Since no 
FM fits naturally onto NiMn we chose Co because it has 
magnetic properties which are fairly robust with respect to 
structural distortions and can thus be viewed as a good rep- 
resentative of a FM material to interface with NiMn. 

II. METHOD 

Our aim is to map the rather complex spin dependent 
part of the energy functional of density functional theory 
within the local density approximation onto a simple Heisen- 
berg Hamiltonian, 

(1) 

"'Electronic mail: schulth@mst.ms.ornl.gov 

which is the sum over all exchange interaction, Jtj, between 
moments of fixed magnitude, located on sites labeled by i 
and represented by a vector of unit length s,-. For the descrip- 
tion of the electronic structure, multiple scattering theory 
(MST) provides a natural starting point, since it expands the 
Green function in a localized basis around every site. The 
key operator used in this context is the scattering-path opera- 
tor (SPO), [Tij(e)]Ls LISI , from which the one-particle 
Green function and hence the charge and moment density 
may be calculated. It gives, at energy e, the scattered spheri- 
cal wave of angular momentum L' = (V,m') and spin s' 
from site j resulting from an incident wave of angular mo- 
mentum L and spin 5 at site i. An expression for the ex- 
change parameters in terms of these SPOs, which is based on 
an expansion of the band energy, was first given for the 
ferromagnetic case by Liechtenstein et al.,1 and later ex- 
tended to the case of arbitrary orientation of the atomic mo- 
ments by Antropov et al.9 who wrote the pair exchange pa- 
rameter as 

UtjU= - TZ Im f £FTrt(A;^A^- Arf^jfyde. 
^ IT J — co 

(2) 

0021 -8979/98/83(11 )/7225/3/$15.00 7225 11998 American Institute of Physics 



7226        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 T. C. Schulthess and W. H. Butler 

In this expression A,= l/2!lv=13Trs(t~[lcrv) and 
TJJ= l/2Trs(TjjO-") where tt is the single site scattering ma- 
trix, a° is the 2X2 unit matrix, and av=1'3 are the three 
Pauli matrices. In the present case we will be concerned with 
collinear ferro and antiferromagnetically aligned atomic mo- 
ments which we take to be parallel to the z axis.10 Thus the 
exchange interactions reduce to 

TABLE I. Calculated values for 7, (first row) and J:J (remaining rows) in 
meV for bulk Co and MnNi. Values for Co are given for the fct and the fee 
structure. 

hr ~ 4^ Im^jTdlirlAjT^de, (3) 

with Aj—C^-f^sgn^-s,-), and (T,|) denote the actual 
spin channel. There exists an important sum rule,7,9 which 
for collinear spins can be written as 

1 C€F 
Ji=2< Jij&gn{SfS})=- j- Im      Trz,(Ä,[4- 4] 

+ AiT]ilir\i)de. (4) 

This last expression will be used to check the convergence of 
the calculated exchange interactions. 

In order to comply with the symmetry requirement in 
thin films and planar interfaces, we consider the solid as a 
superposition of 2D-periodic atomic layers. We use the layer 
version of the Korring-Kohn-Rostocker (LKKR) method11 

to calculate the electronic structure and the approach out- 
lined in Ref. 12 to determine the SPOs that enter the appli- 
cation of Eq. (3) to the layered geometry. The potentials are 
treated in the atomic sphere approximation (ASA). 

III. RESULTS 

NiMn crystallizes in a face centered tetragonal structure 
in which Ni and Mn-layers alternate in the (001) direction. 
Our calculations13 are performed at the experimental lattice 
constant for thin films,8 a = 3.697 Ä with a cla ratio of 
0.9573. In accordance with the experimental magnetic 
structure,14 we find Ni to be nonmagnetic and the Mn layers 
to consist of two square sublattices that have opposite mag- 
netic moments. The magnitude of the Mn moment is 
3.2/U.Bohr, which is slightly smaller than the experimental 
value of 3.8±0.3 jUBohr- The crystal structure of Co is as- 
sumed to match that of NiMn, i.e., it is fct with the same 
basal lattice constant as NiMn but with a cla ratio chosen to 
conserve the experimental atomic volume of hexagonal Co. 
This approximation is imposed by the requirement of the 
LKKR method that there has to be an overall 2D periodicity 
of the system under consideration. However, the robustness 
of the magnetic structure of Co with respect to changes in the 
crystal structure allows us to assume that this structural ap- 
proximation will not significantly alter the magnetic proper- 
ties of the Co film and the exchange parameters between the 
NiMn and Co. The magnetic moment of Co in this artificial 
fct structure is 1.60 /^Bohr which is similar to 1.63 yu.Bohr> me 

value calculated for hep Co. 
In Table I the exchange interactions of bulk Co and 

NiMn are compiled. The cutoff is chosen in order that the 
agreement between the sum over calculated 7,;- and the value 
determined directly from Eq. (4) is better than one percent. 
The results clearly indicate that in Co not only the magnitude 

Co fct fee Mn fct 

Ji 179.6 177.8 J, 153.4 

(0.5, 0, 0.5) 14.1 12.4 (0.5, 0.5, 0) -27.1 
(0.5, 0.5, 0) 8.1 12.4 (0, 0, 1) 16.1 
(0, 0, 1) 1.2 0.4 (1, 0, 0) 6.7 
(0, 1, 0) 0.7 0.4 (0.5, 0.5, 1) 1.8 
(0.5, 0.5, 1) 1.2 1.5 (0, 1, 1) -2.3 
(1, 0.5, 0.5) 2.0 1.5 (1, 1, 1) 4.7 

but also the coupling between the magnetic moments on dif- 
ferent sites are robust with respect to the change of the struc- 
ture. The Curie temperature that corresponds to the set of 
exchange interactions can be estimated within a mean field 
consideration from7 Tc=2/(3kB)Ji and is found to be 1375 
K for fee Co, which is in good agreement with the experi- 
mental value of 1388 K. Similarly, the Neel temperature of 
NiMn is estimated to 1187 K which is slightly higher than 
the experimental value of 1070±40 K given by Pal et a/.14 

Note that the nearest neighbor Mn interactions are remark- 
ably large. 

Since not very much is known about the details of the 
interface between NiMn and a ferromagnetic material, we 
consider the two possibilities of perfect interfaces, i.e., the 
cases where Co is next to Ni and Mn, respectively. In the 
calculations the electronic charge was relaxed self- 
consistently in 12 atomic layers consisting of 6 Co layers and 
three repeat units of NiMn. On the AF side of the interface 
the potentials were fixed to the bulk values and on the other 
side we used potentials that were converged for Co with the 
Fermi energy fixed to the value of NiMn. This assures that 
the electrochemical potential is the same on both side of the 
interface. We have explicitly checked the effect of this shift 
in the Fermi energy on the magnetic moments and the ex- 
change interaction in Co and found that it is negligible. The 
relative size of the atomic spheres of Ni and Mn was chosen 
such that in the bulk every site is charge neutral. 

Even though the method applied here is not limited to 
the case of collinear atomic moments, the magnetization in 
Co is chosen to be aligned with the moments of one of the 
two Mn sublattices. This particular (but arbitrary) choice of 
the relative magnetization directions provides an important 
check of the transferability of the exchange parameters. 
Breaking the symmetry by introducing the NiMn-Co inter- 
face with collinear magnetic moments introduces two types 
of Co-Mn interactions which are equivalent from a geo- 
metrical point of view but inequivalent with respect to the 
relative directions of the moments. The difference between 
the two gives an estimate of the error introduced when one 
assumes that the exchange interactions are scalars instead of 
tensors as actually required by Eq. (2). The results for the 
exchange interactions of the two types of interfaces are given 
in Fig. 1. Only values that differ from the corresponding bulk 
values are shown. Whenever the values between the two sub- 
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FIG. 1. Exchange interaction in meV for Co-MnNi (left panel) and Co- 
NiMn (right panel). Squares, circles, up and down triangles represent re- 
spectively, Co, Ni, up and down Mn. 

sets mentioned previously differ, they are both shown, and it 
can be seen that the agreement between the sets is reason- 
able. 

All interactions converge rapidly to their bulk values in- 
side Co, but convergence is much slower on the NiMn side. 
Despite this interface effect on NiMn, the intralayer interac- 
tions remain similar to their bulk values. The most signifi- 
cant influence of the interface is between next nearest out of 
plane Mn neighbors, where the interactions reverse sign and 
further enforce the antiferromagnetic alignment of the mo- 
ments. The values for nearest out of plane neighbors are 
reduced by about 30% but remain strong. In the case where 
Co layers border with Mn, the Co-Mn coupling between 
next nearest neighbors is almost the same as between corre- 
sponding Mn sites and consequently one order of magnitude 
larger than the equivalent interactions in Co. The interactions 
between nearest Co-Mn neighbors however roughly corre- 
spond to the average value between the interactions in Co 
and NiMn. For the other interface, where Ni is next to Co, 
the coupling between Co and Mn is much smaller, but the Ni 
layer at the interface has a nonvanishing moment of 
0.30 fiBoia which leads to finite interactions between Ni and 
its nearest Co and Mn neighbors. 

IV. CONCLUSIONS 

The electronic structure and the exchange interactions 
obtained in the present calculations yield magnetic moments 

and critical temperatures that are in good agreement with 
experimental values. While the Co-Mn interactions at the 
interface are much larger than the averaged bulk values, they 
are still smaller than the intralayer interactions in NiMn, 
which are found to be very large. Since the latter are an 
intrinsic property of the AF system, we do not expect any 
qualitative changes in the ratio of interfacial AF-FM and 
bulk AF-AF interactions for other FM interfaced with NiMn. 
Thus, following the argumentation mentioned in the intro- 
duction, we are lead to the conclusion15 that a Heisenberg 
model with perfect interfaces will not yield exchange anisot- 
ropy for the NiMn-FM system and therefore more realistic 
interface structures have to be considered. 
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Local and global demagnetization process: Is there any self-organized 
critical behavior? 

O. A. Chubykalo and J. M. Gonzalez 
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The behavior of local and global demagnetization processes (avalanches and Barkhausen jumps) is 
analyzed in terms of a micromagnetic model. Our study of the statistics of these events as a function 
of exchange correlation length parameter, system size, and system driving rate shows the absence of 
self-organized critical behavior if a realistic model of a magnetic system is considered. © 1998 
American Institute of Physics. [S0021-8979(98)34011-6] 

Systems exhibiting self-organized critical (SOC) behav- 
ior react to an external perturbation through collective events 
(avalanches) having size and duration distribution functions 
which are system size scaleable.1 The concept of SOC has 
been brought to magnetic systems on the basis of the occur- 
rence of collective events during the demagnetization pro- 
cess. In the magnetic systems context, the basic experimental 
evidence of the occurrence of SOC-like behavior is consid- 
ered to be the observation of the \lfa frequency dependence 
of the power spectrum of the Barkhausen jumps (BJ)2'3 (a BJ 
is identified with the sudden changes of the magnetization of 
a specimen under the action of a slowly varying external 
field). The experiments showing this behavior were carried 
out by using a wide range of the system driving rates without 
any further system parameters tuning. Also, from theoretical 
point of view, it has been shown that even in the one- 
dimensional (ID) case with a single propagating domain 
wall, the presence of dipolar interactions can originate a 
SOC-like behavior.2 We should, nevertheless, point up here 
that the actual observation of SOC in magnetic systems is 
still an open question. For instance, up to now, there is not 
agreement in the literature about the concrete frequency de- 
pendence of the power spectrum associated to SOC. More- 
over, the latest experiments on Barkhausen noise have re- 
vealed the absence of the common indications of SOC.4 

Beside this, it has been proposed that the observed behavior 
could be the consequence of system sweeping of instabilities 
rather than of a real SOC dynamic.5 Finally, most of the 
theoretical investigations of the SOC behavior are based on 
the random-field Ising models2'6 and consider an 
equilibrium-type dynamics which is only valid in the limit of 
zero temperature and infinitely small field sweeping rate. 

To try to clarify the above introduced point, we have 
performed micromagnetic calculations using a model7 sys- 
tem describing a textured polycrystal with exchange coupled 
grains. Our model is of the ID-type (a chain of magnetic 
moments, representing atomic planes, and allowed to ori- 
ented in 3D). The model considered explicitly anisotropy, 

Zeeman, exchange, and magnetostatic energy contributions. 
The moments were organized in grains, each one having its 
own easy axis orientation (the easy axes orientations were 
distributed in a cone having a 20° apex angle whose axis 
coincided with the applied demagnetizing field direction). 
The parameters of the system included intrinsic magnetic 
properties (the exchange-to-anisotropy ratio, a, and the 
magnetostatic-to-anisotropy ratio, m), system size param- 
eters (the system size, S, measured in number of grains and 
the grain size, A^, measured in number of moments), and 
driving rate parameters (the field increment Ah, and the du- 
ration of the relaxation stage at constant field, AMCS, mea- 
sured in number of Monte Carlo steps). We have considered 
three models having different intergranular exchange charac- 
teristics: (A) ferromagnetic-type interactions with an effec- 
tive intergranular exchange constant equal to that considered 
inside each grain, (B) ferromagnetic-type interactions with 
uniformly distributed effective intergranular exchange cou- 
plings, and (C) both ferro- and antiferromagnetic-type cou- 
pling with uniformly distributed intensities. The three mod- 
els differ by the strengths of the coupling between the 
propagating domain walls and the grain boundaries which 
act as pinning centers: the pinning is weaker in the model A 
case and stronger in that of model C. The evolution of the 
system was followed by using a Monte Carlo algorithm at 
constant temperature. The dynamics of the magnetic mo- 
ments was much more realistic than that used in the Ising 
models. It reproduced adequately real magnetic materials 
properties: the occurrence of multiple metastable states, the 
coexistence of temperature- and field-induced nucleation 
events, the observation of time dependent effects (viscosity), 
etc. Also, and unlike the Ising-model dynamics, we consid- 
ered a finite field sweeping rate. 

The crucial property of our model is the observation, 
even for slowly driven systems, of several coexisting propa- 
gating domain walls. Thus, we should distinguish between 
an avalanche (a local event related to the nucleation and 
consequent propagation, possibly during several field steps, 
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FIG. 1. Avalanche and BJ size distribution functions for model C. The 
simulation parameter values are: a = 0.1, m = 0.3, ^ = 10, S=100, Aft 
= 0.01, AMCS = 500. 
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FIG. 3. Avalanches size distribution functions for different size systems 
(model A). The system parameter values are: a = 2.0, m = 0.3, Ni = 3, Aft 
= 0.001, AMCS= 150. 

of the domain walls limiting a reversed region7) and a 
Barkhausen jump (a global change of the magnetization of 
the system). Typically, the statistics of these two events are 
different (see Fig. 1) which is explained by the coexistence 
of several avalanches in the system. If the avalanche size 
distribution function, p{L), decreases exponentially, the BJ 
size distribution function, p*(L), spans a large fraction of 
the system size. This is a typical situation in models B and C 
and takes place in model A when the exchange parameter is 
small enough (see Fig. 10 of Ref. 7). On the contrary, scale- 
able avalanche size distribution functions are observed (only 
for the case of model A, see Fig. 12 of Ref. 7), when the 
avalanches starting at different points of the system cluster in 
one unique BJ. One of the necessary conditions of the occur- 
rence of SOC is the observation of system-size scaleable 
avalanche size distribution functions. The multiple nucle- 
ation sites and the occurrence of simultaneously propagating 
domain walls led, in the case of strong pinning centers (mod- 
els B and C), to avalanche size distribution functions expo- 
nentially decreasing and system-size independent (see Fig. 
2). In the weak pinning centers case (model A), the ava- 
lanche size distributions can be system-size dependent but 
this happens for small-size systems only (see Fig. 3 and Fig. 
8 of Ref. 7). On the contrary, the BJ size distribution func- 

tions are always system-size dependent (see Fig. 4). The in- 
crease of the system size leads to the appearance of addi- 
tional nucleation centers which originate larger BJs and even 
a nonmonotonous behavior for sufficiently large system 
sizes. In this case, by changing the system driving rate, one 
can again have statistics similar to those characterizing SOC 
behavior, i.e., having power distribution functions for the BJ 
sizes. The observation of such behavior has nothing to do 
with the occurrence of real SOC since in this case BJs con- 
sist of several uncorrelated events (avalanches started in dif- 
ferent parts of the system). 

It is commonly accepted that, in order to observe the 
self-organized criticality, the existence of two time scales 
(rapid avalanches and large intervals between these events) 
are necessary (see, e.g., Ref. 8). Under these circumstances, 
the dynamics of the system is close to that of the sandpile 
and Ising models. In our model, by varying the system driv- 
ing rate, the avalanche size and BJ size distributions can 
coincide, but only for very special values of the driving rate 
parameters which requires very fine tuning. In general, the 
decrease of the system driving rate does not make our system 
to behave similarly to a sandpile system due to the properties 
present in real systems (and absent in the Ising model), such 
as viscosity. Indeed, the reduction of the field step leads to 
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FIG. 2. Avalanche size distribution functions for different size systems 
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the following effects: (i) decrease of the nucleation rate per 
constant field stage, (ii) increase of the efficiency of the grain 
boundaries as pinning centers, and (iii) increase of the relax- 
ational effects. The resulting behavior is a complex interplay 
between all these mechanism and, for instance, in the BJs 
case (Fig. 5) the field sweeping rate reduction leads to more 
rapidly decreasing BJ size distribution functions. (Similar ef- 
fect is observed for the avalanche statistics.) 

In the case of the Ising models, domain walls always 
consist of two magnetic moments. In our case (as in real 
situations) domain walls have internal structure and interact 
with grain boundaries. Thus, the important parameter is the 
ratio between the exchange correlation length (determining 
the domain wall size) and the structural correlation length of 
the system (the grain size N,). In Ref. 7 it has been shown 
that in the case of model A, by changing this ratio, the sys- 
tem undergoes a transition from subcritical state (small ava- 
lanches only) to supercritical (all avalanches of the system 
size) via the state of critically (avalanches spanning a con- 
siderable part of the system size). In model C (strong pinning 
centers) the influence of the exchange-to-anisotropy param- 

eter on the dynamics of the system is different (see Ref. 9). 
In this case the antiferromagnetically coupled grain bound- 
aries have a very strong associated pinning effect, which is 
more relevant in the case of narrow walls (small a values). 
Grain boundaries also act as very effective nucleation centers 
(in this case the energy required to partially invert the set of 
moments forming a wall is sufficiently reduced by the anti- 
ferromagnetic coupling). Thus, in the case of model C and 
unlike the case of model A, presented in Ref. 7, the increase 
of the exchange-to-anisotropy parameter leads to the reduc- 
tion of average avalanche size. This parameter also changes 
the BJs statistics. Therefore, in order to observe critical ava- 
lanche and BJ distribution functions, the tuning of the corre- 
lation exchange length parameter is necessary. The latter ex- 
cludes the occurrence of SOC. 

In conclusion, our micromagnetic calculations with finite 
temperature and finite field sweeping rate showed the ab- 
sence of SOC: (i) The criticality of the avalanche size distri- 
bution functions is destroyed by the occurrence of simulta- 
neously propagating domain walls, (ii) The observation of 
scaleable size distributions (in small size systems exclu- 
sively) requires the tuning of the exchange correlation 
length, (iii) The fact that the BJ size distribution shows, 
without any parameter tuning, scaleable behavior is not an 
evidence for the occurrence of SOC because, as we have 
shown, BJs are sum of simultaneously occurring smaller size 
events which we believe are uncorrelated. 

'P. Bak, C. Tang, and K. Wiesenfeld, Phys. Rev. Lett. 59, 381 (1987). 
20. Geoffroy and J. L. Porteseil, J. Magn. Magn. Mater. 133, 1 (1994). 
3J. S. Urbach, R. C. Madison, and J. T. Markert, Phys. Rev. Lett. 75, 4694 

(1995). 
4J. R. Petta, M. B. Weissman, and K. P. O'Brien, Phys. Rev. E 54, R1029 

(1996). 
5D. Sornette, J. Phys. I 4, 209 (1994). 
6P. Sethna, K. Dahmen, S. Kartha, J. Krumhansl, B. W. Roberts, and J. D. 
Shore, Phys. Rev. Lett. 70, 3347 (1993). 

7J. M. Gonzalez, O. A. Chubykalo, and J. Gonzalez, Phys. Rev. B 55, 921 
(1997). 

8B. Drossel, Phys. Rev. Lett. 78, 1392 (1997). 
90. A. Chubykalo, J. M. Gonzalez, and J. Gonzalez, J. Magn. Magn. Mater. 

(to be published). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Non-Heisenberg couplings and ferromagnetic instability in a random 
antiferromagnetic spin-1 chain 

R. N. Bhatt 
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Kun Yanga) 
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A random antiferromagnetic spin-1 chain with both Heisenberg and biquadratic nearest neighbor 
couplings is found to exhibit a novel ferromagnetic-like instability at low energies, if there is 
competition between the Heisenberg and biquadratic couplings, even though each individual nearest 
neighbor coupling is such as to produce a singlet ground state for the isolated pair. This instability 
leads to the generation of ferromagnetic couplings, and thus to the formation of weakly coupled 
large moments at low temperatures. A perturbative calculation (up to 4th order) is performed to 
investigate whether such a situation is physically realizable in spin-1 systems. © 1998 American 
Institute of Physics. [S0021-8979(98)25111-5] 

Great interest in quantum spin chains was triggered by 
Haldane's famous conjecture1 that integer and half integer 
Heisenberg antiferromagnetic (AF) chains have qualitatively 
different behavior. Recently, there has also been much work 
on random spin chains,2-7 and considerable progress has 
been made. 

In the past, most theoretical studies of magnetic systems 
have focused on the Heisenberg model, when the system is 
isotropic or invariant under spin rotation: 

H-2J Hij-Zi JijSfSj, (1) 

where S, is the spin operator on site i, and 7,;- is the coupling 
between sites i and j. The coupling is ferromagnetic (F) 
when Jij<0, and AF otherwise. In the case of spin-one-half 
system (5=1/2), rotational invariance uniquely constrains 
the coupling to be of the Heisenberg form (1). In systems 
with higher spins (5^1), however, one may have higher 
order couplings between spins, and the most general form of 
the coupling between spins i and j that respects rotational 
invariance is 

is 

H-ij— 2J   Jij;n(Si'Sj)   • (2) 
«=i 

It is known that the existence of higher order couplings 
between spins may change the physics of the system dra- 
matically. For example, in a uniform spin-1 chain with near- 
est neighbor couplings only (Jij+i-\ = J, Ji,i+\-,2 = D and all 
others zero), besides the usual ferromagnetic phase and the 
Haldane gapped phase,1 represented by the ferromagnetic 
and antiferromagnetic Heisenberg models respectively, the 
system also supports a spontaneously dimerized phase8 and a 
disordered gapless phase9 when biquadratic couplings (D) 
between neighboring spins are sizable; for special ratios be- 
tween these couplings, the system is critical and becomes 
exactly soluble. 

"'Electronic mail: kunyang@cco.caltech.edu 

When both Heisenberg and biquadratic couplings are 
present, in principle they may be of opposite nature, i.e., one 
being AF and favoring a singlet Stot=0 ground state, and the 
other being ferromagnetic, favoring a 5tot=2 ground state. In 
a pure spin-1 chain, the ground state is a singlet as long as 
the ground state of an individual bond is not the quintuplet 
(i.e., 5tot=2), and the ferromagnetic tendency (if present) is 
overwhelmed by AF couplings; thus, no large moments can 
form. The situation, however, becomes qualitatively different 
in the presence of strong randomness. In this case a powerful 
method to study the problem is an asymptotically exact real 
space renormalization group (RG) scheme,2 using which we 
find effective ferromagnetic couplings get generated at low 
energies even if all original couplings are AF overall (i.e., 
such that the ground state of every nearest neighbor pair 
taken in isolation is a singlet). A detailed analysis of this 
effect will be given in a separate publication;10 however, the 
basic physical picture is quite simple and summarized below. 

In the presence of strong randomness, the energy scales 
(given by the couplings) become well separated, and low- 
and high-energy subspaces of the entire Hilbert space get 
decoupled perturbatively. An efficient way to study the low- 
energy physics of the system is to focus on the low-energy 
subspace and perturbatively project the original couplings 
into this subspace; in this projection process the couplings 
get renormalized. Due to the different nature of the Heisen- 
berg and biquadratic couplings, they are renormalized by dif- 
ferent amounts. In particular, if originally the net coupling is 
overall AF, after renormalization, the dominant (AF) cou- 
pling may get suppressed and a small ferromagnetic coupling 
(if present) can become dominant, leading to effective ferro- 
magnetic bonds. 

As an example, we consider a pure AF Heisenberg 
spin-1 chain, and replace some bonds by very weak impurity 
bonds (weak compared to the bulk Haldane gap) with both 
Heisenberg and biquadratic couplings. Consider a bond of 
this type between spins labeled i and j (Figure 1 shows two 
such pairs i,j : 1, 2 and 3, 4), with the net coupling 
H^JjjSj-Sj + DijiSj-Sj)2. In this case, the original pure 
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FIG. 1. Illustration of effective spin-1/2 edge spins (thick arrows) appearing 
at the edges of a segment with regular coupling (solid lines). The thick 
arrows are original spin-l's and thin arrows are effective edge spin-l/2's. 
The solid lines are original pure Heisenberg couplings; the dotted lines are 
the original impurity bonds; the dashed (dot-dashed) lines are effective cou- 
plings between spin-l/2's of different (same) segment, which are random 
and can be either F or AF. 
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assume Hund's rule coupling forces them to occupy different 
orbitals and form a total spin-1 (i.e., they have parallel 
spins).11 We also assume crystal field breaks the degeneracy 
of the orbitals, and the electrons stay in orbitals 1 and 2 in 
the ground state; and the energy cost for taking an electron 
from orbitals 1 or 2 to other orbitals in the same atom with- 
out changing its spin is V. This crystal field splitting V, 
however, may be small compared to the scale of Coulomb 
interaction U between the electrons (which gives rise to the 
Hund's rule), and other energy scales involved. 

The coupling between two neighboring such spin-1 ob- 
jects (/ and j) comes from hopping of electrons from one 
site to the other, described by the following hopping Hamil- 
tonian: 

chain is chopped into weakly coupled segments of the AF 
Heisenberg spin-1 chain, and the low-energy degrees of free- 
dom (below the bulk Haldane gap) are due to spin-l/2's (s,) 
living at the ends of the segments (see Fig. I).7 The impurity 
bond between ;' and j ( where i,j could be 1, 2 or 3, 4) 
couples the two spin-l/2s living on sites i and j (now labeled 
as i' and j', and spin operators with lower case, because of 
the change of spin from spin-1 to spin-1/2), by the Heisen- 
berg form (guaranteed by rotational invariance and special 
properties of spin-1/2) 

Mil j i — »//' i' Sj / ' S;' T Cf ' 2' • (3) 

It is straight forward to show that Ji,ji = a{Jij — Dijl2), 
where a is a projection constant of order 1. Thus the cou- 
pling is ferromagnetic if 

Jij-Dij/KO, (4) 

while the original bond between i and j may be AF under the 
same condition (i.e., the ground state of Htj is a singlet). The 
couplings through the Haldane chain may also be either fer- 
romagnetic or antiferromagnetic, as has been discussed 
earlier.7 Thus in the system that we are considering, the low 
energy effective model is a spin-1/2 chain with random F 
and AF Heisenberg couplings. 

Westerberg et al.A have studied the spin-1/2 chain with 
random F and AF Heisenberg couplings and demonstrated 
that in such a system at low temperatures active spins form 
large moments that are weakly coupled. Interesting thermo- 
dynamic properties, e.g., a Curie-like susceptibility, follows. 
Our results here show that such novel behavior can occur in 
a random spin-1 chain even if all the bare couplings are AF. 

In order for the novel effects discussed above to become 
possible, one needs to have a biquadratic coupling that is of 
opposite nature to the Heisenberg coupling, with a compa- 
rable coupling constant. In the rest of this article we address 
the issue how non-Heisenberg coupling may be generated in 
nature and under what conditions they become important, 
and for convenience focus on systems with S = 1. If the cou- 
pling between two spin-1 objects is rotationally invariant, it 
must take the form: Htj=7S, ■ S; + D(S, • S;)

2, and the biqua- 
dratic coupling is ferromagnetic when £>>0, and antiferro- 
magnetic otherwise (opposite to the case of Heisenberg cou- 
pling J). We model a spin-1 object by putting two spin-1/2 
electrons in a open shell with N orbitals of an atom, and 

a,b=l 0-=T.i 
(5) 

where ciaa is the creation operator of an electron in orbital a 
of site i with spin a, and tah is the hopping matrix element 
which is small compared to the scale of Coulomb interaction 
U, so the electrons are mostly localized on one site or the 
other, and the virtual hopping processes give rise to the cou- 
pling between the spins. We assume tah=t for a = b, and 
tab = t' for a + b.xl Since the tah is spin independent, H' is 
invariant under spin rotation, and will give rise to rotation- 
ally invariant spin couplings. In the following we calculate 
the strength of such couplings, using standard nondegenerate 
perturbation theory. 

The leading order contribution is of second order in t, 
which comes from the virtual process where an electron hops 
from one site to the other, and hops back. We find the energy 
gain from such processes depends on the total spin of the 
system: 

,'2\ 

A42)= 

A£<2) = 

At'2                6(t2 + t'2) 
— (N-2) —. 
^ a u n 

At'2 

3U„ 

St'2 

ILL 
(N-2)- 

A(tz + t'1) 

A42>=- 

7<2) 

At a 
-(N-2). 

(6) 

(7) 

(8) 

Here AE(
S
A> stands for the energy difference (compared to the 

unperturbed ground state with tah = 0) of states with total 
spin S to the second order in t; Up and Ua are the energy 
cost for taking one electron from one site to the other, and 
form a total spin 3/2 (parallel) or 1/2 (antiparallel) with the 
original spin-1. Hund's rule suggests Up<Ua. We have ne- 
glected the crystal field splitting, assuming it is small com- 
pared to the U's. 

These spacings between levels with different total spins 
can be described by a Heisenberg coupling between the two 
spin-l's with 

J(2) = 
At 12 N-2     N- 

1ÄT + - 
1/2      2t1 

Un 
+ ■ 

Un 
(9) 

plus an unimportant constant, and no biquadratic coupling, 
i.e., D(2) = 0. This is not surprising because second-order 
processes involve only one electron exchange; since the spin 
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of the electron is one-half, Heisenberg coupling is the only 
possibility that respects rotational invariance. Since 7(2) in- 
volves the difference of terms, it may have either sign: the 
energy denominator favors parallel spins, while antiparallel 
spins have greater phase space due to the Pauli principle, and 
there exists the possibility that the magnitude of /(2) can be 
small, if the two opposite terms in (9) are close in magnitude. 

Biquadratic couplings can arise from higher order hop- 
ping or exchange processes, involving hopping of two or 
more electrons, and will be of order 0(t4) or higher. Na- 
ively, one would expect this to be much smaller than J be- 
cause in most cases the additional f's lead to additional en- 
ergy denominators, of order U, will introduce at least two 
more factors of t/U, which is small. We point out, however, 
that there is a special class of two-electron hopping processes 
that can partially avoid the additional factors of l/U, and 
potentially make sizable contribution at order t4 (which 
could be comparable to J under favorable circumstances). 
These are processes where one electron hops from site i to 
site j, and another electron hops from site j to site i, and in 
the intermediate state where there are two electrons on each 
site, the spins arrange themselves to form a triplet on each 
site. The energy of such an intermediate state is not of the 
Coulomb energy scale U, but of the crystal field splitting of 
the orbitals V, which may be quite small. The fourth-order 
perturbation calculation of the contribution of these pro- 
cesses is quite involved; the results are 

It lA 

(10) 

(11) 

(12) 

From this we obtain the contributions to J and D from the 
fourth order processes discussed above to be 

A4
4)
=- vul (N- -2)2, 

AE[
4)
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St'4 
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(13) 

(14) 

From the above expressions, we see that the biquadratic 
coupling D may be comparable to the usual Heisenberg cou- 
pling J if (a) V is small,13 (b) the orbital degeneracy N is 

large, and (c) if there is a cancellation due to opposing terms 
in Eq. (9). In addition to the factors considered above, some 
other physical effects not included in our model may also 
enhance D. One possibility is that the hopping matrix ele- 
ment may depend on the ionic state, e.g., it may be larger for 
a second particle hop, because of the ion's bigger size. This 
will further enhance the contribution of the fourth-order 
term, and therefore the biquadratic coupling. 

In summary, we have shown that there exists in a ran- 
dom antiferromagnetic spin-1 chain with nearest neighbor 
isotropic couplings, consisting of both Heisenberg and bi- 
quadratic exchange, the possibility of a ferromagnetic-like 
instability. This causes the formation of arbitrarily large ef- 
fective spins at low temperatures, leading to a pure Curie 
behavior for the magnetic susceptibility. We have also dis- 
cussed how non-Heisenberg coupling between spins are gen- 
erated for S>l/2, and under what conditions they become 
comparable to the Heisenberg coupling. We argue that these 
conditions may be realizable in real systems. 
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We discuss the probability distribution function for the magnetic order parameter M, in the low 
temperature phase of the two-dimensional XY model. In this phase the system is critical over the 
whole range of temperature. The thermally averaged value of the order parameter (M), which is 
zero in the thermodynamic limit, has abnormally large finite size corrections. An exact result, within 
a spin wave calculation gives {M) = (l/2N)m7Tj, where J is the magnetic exchange constant and 
N the number of spins. We show, using Monte Carlo simulation, that the distribution function, 
Q(y-(y)), y = T~1LTH7rJM, is an asymmetric universal function. Using a diagramatic technique, 
we show that the asymmetry comes from three-spin and higher correlations. If only two-spin 
correlations are considered, the distribution is Gaussian. However, as there are contributions from 
two-spin terms separated by all distances, the distribution remains broad and is consistent with a 
divergent susceptibility.   © 1998 American Institute of Physics. [S0021-8979(98)51911-l] 

The long-ranged correlations that characterize a critical 
point mean that at this special point finite size effects are 
much more important than the l/^N corrections given by the 
central limit theorem.1 For example scaling arguments give, 
for the magnetization, (M), at a critical point2 (M) 
~L~P'V, with ß and v the critical exponents for the magne- 
tization and the correlation length. For strong fluctuations ß 
is small and v is large, leaving the finite size magnetization 
measurable right into the physical domain. This is nowhere 
better observed than in the low temperature phase of the 
two-dimensional XY model, where the system is critical over 
a whole range of temperature. In fact it is an ideal system in 
which to study finite size fluctuations near a critical point as 
it shows critical behavior over a range of temperatures below 
the Kosterlitz-Thouless transition temperature TKT,

3 it is 
extremely accessible to analytic techniques and is of broad 
experimental relevance.4 

The model is defined with the Hamiltonian 

H=-J^2   cos(0,—0,-), (1) 

where / is the ferromagnetic coupling constant and #, the 
angle of orientation of spin vector S,, constrained to lie in a 
plane. The summation is over nearest neighbors and we take 
the spins to be on the sites of a square lattice with periodic 
boundary conditions. We use a system of units with Boltz- 
mann's constant kB equal to unity throughout. We simplify 
this to what we refer to as the harmonic XY or HXY model.5 

Its Hamiltonian is 

H= -/2 
(iJ) 

i--(e-er2TTn)7 
(2) 

"'Electronic mail: pcwh@enslapp.ens-lyon.fr 

where n = 0,±l is an integer chosen so that (0,-- 0j 
-2 77«) lies between ±ir. This model is almost the Villain 
model,6 but is more practical from a numerical point of view, 
as the vortex variable n is not a thermodynamic variable, but 
is constrained to the values « = 0,±1.7 We concentrate, in 
this article, on the temperature regime well below TKr where 
the vortex density is exponentially small and the HXY re- 
duces to a model of harmonic spin waves, which can be 
solved exactly.8 

We define an instantaneous scalar order parameter M: 

2 s, 
i=l,N 

(3) 

Within the spin wave approximation one can derive the fol- 
lowing result for the equilibrium magnetization (M), exact 
to leading order in iV:8 

(M) = 
2N 

T/STTJ 

(4) 

(M) falls to zero in the thermodynamic limit, which con- 
firms the Mermin-Wagner theorem9 that the thermodynamic 
magnetization is zero at all finite temperature. However, put- 
ting in numbers for T~0(J) one can easily convince oneself 
that (M) is measurable throughout the physical domain. 

The susceptibility per spin, defined as 
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-4-2       0        2 
(M-<M>)/(T 

FIG. 1. Log[crQ(M)] vs (M-{M))/a for 77.7=0.5 for AT=100 (stars), 
AT= 1024 (circles), N= 10 000 (squares), and for T/J= 1.0 for N= 1024 (tri- 
angles). 

X=j({M2)-{M)\ 

is given by the expression 

(M)2 

exp -XG(r) -1 

(5) 

(6) 

where G(r) is the lattice Green's function for a square lattice 

,<q r 
1  v-i   e' G(r)=T;2   —-, 
N q*0      Tq 

yq=4-2cos(^)-2cos(^). 

To an excellent approximation one finds 

1    N{M)2T 

2a 2D 
-, a2D= 258.6, 

(7) 

(8) 

with the susceptibility per spin therefore diverging as x 
^\T1-T/4TTJ 

From Eq. (8) we see that the prefactor of the "diver- 
gent" susceptibility is small and goes to zero as T goes to 
zero. The normalized standard deviation of the distribution, 

\M2)-{M)2    JNXT 

(M) (M)2 N(M)' 
(9) 

has a numerical value of only ^0.04 T, but is independent of 
system size. In a noncritical system, with finite correlation 
length one expects <rl(M) to go to zero as iV~ m in the large 
N limit. The scalar magnetization therefore appears to be a 
well-defined quantity despite its fluctuations, as measured by 
the susceptibility, being divergent in the thermodynamic 
limit, as shown above. 

We are interested here in the probability distribution 
function Q{M). The distribution function for the magnetiza- 
tion at a critical point has been discussed by several 
authors.2'10 Binder2 argues, using the example of an Ising 
system with distribution PL(M), that within the critical re- 
gion 

PL(M) = L^P(U^,ML^), 

where £ is the correlation length. £ is the length scale at 
which one can expect a cross over to a noncritical regime 
with Gaussian fluctuations. Very close to the critical point 
the correlation length of the infinite system would be much 
bigger than the system size L. In this situation one expects 
self-similar behavior in the system, with L being the only 
important scale above the microscopic length. PL should 
therefore depend on the single variable MLßlv. 

For the two-dimensional XY model, despite the fact that 
ß and v do not exist in a conventional sense,5 their ratio, x, 
is perfectly well defined through Eq. (4) for all temperatures 
r=srKT. Within the spin wave approximation one finds x 
= T/4TTJ. Near TKT the scaling relation 

x=ß/v= 
d 

<5+l     8 (ID 

is satisfied by putting T/J^TT/2, which is the mean field 
approximation for rKT.

3 More precisely, we have shown5 

that the renormalization of the temperature due to vortices is 
taken into account correctly by replacing T/J with the effec- 
tive temperature (777)eff=7r/2 at a temperature T*(L) 
*** TKT, in which case the scaling relation is satisfied exactly. 
We therefore expect universal finite size scaling in the same 
manner. However, in our case we have a line of critical 
points for all temperatures less that TKT with temperature 
dependent exponent x. It is therefore by no means obvious 
that we should find the same scaling functions for different 
temperatures. 

In Fig. 1 we plot Monte Carlo data for log[aQ(M)] ver- 
sus (M-(M))/cr for Af=102, 103, and 104 spins at T/J 
= 0.5 as well as for N= 103 spins at 777= 1.0. The run 
length was typically 107 Monte Carlo steps per spin. The 
data clearly fall on a universal curve over five orders of 
magnitude. We can effectively define a reduced variable v 
= M/o—T-1MLT/47r, with j = (M)/cr~r"1 which is inde- 
pendent of L. Our universal function is therefore of the form 
Q(y-y) and we do indeed find a single universal function 
for all temperatures and all system sizes. We observe correc- 
tions to universality for systems containing less that 100 
spins. 

The function is clearly not Gaussian and shows an asym- 
metry, with an enhanced probability for fluctuations towards 
a smaller magnetization. This corresponds to the fact that the 
long wavelength spin waves, with amplitude diverging with 
N, provide the possibility of large scale fluctuations below 
the average value, at zero cost in free energy. Indeed the 
logarithm of Q(M) corresponds to the effective free energy 
at the critical point, or fixed point function, discussed in 
detail during the pioneering days of critical phenomena.11 

From a mathematical point of view the spin wave model 
studied here offers the opportunity to calculate the distribu- 
tion function analytically. We present here some analytic re- 
sults as a first step towards the calculation of Q(M). 

We consider the moments of the distribution 

(zn) = 
M-(M) 

a 
(12) 

(10) 
and are interested, initially in their leading N and T depen- 
dence. After some work one can write for (Mn) (Ref. 12), 
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(Mn) = 
(M) 

2N 
£(£]/(r/2/)G(ri-r;) (13) 

where the trace is over the variables e, = ± 1 and over the 
sites r,. For the nth moment the product contains n expo- 
nential terms. G(r,- —r,-) is the lattice Green's function join- 
ing points i and j. 

This is the starting point for a diagrammatic expansion: 
the exponential is expanded and the trace taken. The sites are 
represented by vertices and the Green's functions G(r, —ry) 
by a line joining the points i and j. Numerically we find that 
the graphs making the leading contribution consist of simply 
connected single loops. Further, in calculating the moment 
(zn) we find that the only single loop graphs that count are 
those of length n. The contribution of such a graph to {M") 
is then 

1  l-T(M)\n 

^[~^NJJ G(r12)G(r23)...G(r„_ln)G(rnl),     (14) 

and passing into Fourier space the graph finally reduces to 

T(M)yy j_ 
(15) 

One can see that the leading N dependence of the sum over 
y~" is Nn and we find numerically that higher order correc- 
tions disappear rapidly with increasing N. Given that a 
~T(M), we therefore find that to an excellent approxima- 
tion the moments (zk) are independent of N and T, in agree- 
ment with our numerical simulations. 

Although this result is specific to the Gaussian model we 
have used, it is interesting to note that it shows, explicitly 
and without recourse to a scaling hypothesis or to phenom- 
enology of any kind, the existance of a universal non- 
Gaussian finite size scaling function o-Q((M-{M)la)). 

Finally, and after some rather tedious manipulation, we 
are able to write the distribution Q in the form 

Q(M) "J" dt fM-(M) 
exp— it 

2rra a 

where 

1 1 

\7* 

(16) 

(17) 

From this expression one can see clearly the origin of the 
non-Gaussian element in the distribution. Including the term 
k=2 only, we find a Gaussian function. This comes explic- 
itly from the sum of contributions from two-vertex loops, or 
two-particle correlations only. Just keeping these terms, 
which corresponds to a Hartree approximation, results in a 
wide distribution with a correctly diverging susceptibility; 
but the distribution remains Gaussian. The non-Gaussian be- 

havior therefore comes from graphs of three and higher or- 
der, with the asymmetry coming from the odd terms. 

The low temperature, or spin wave region yields itself 
extremely well to analytical work and to numerical work. At 
a critical point, in order to enter into the universal regime 
one must exceed a transient length scale over which micro- 
scopic details disappear.11 Within the Gaussian approxima- 
tion, the transient effects are exceedingly small with the re- 
sult that the probability distribution fits onto the universal 
curve with as little as 100 spins. 

There is a considerable literature on universal finite size 
scaling behavior, with Ising systems being predominantly 
considered.13'14 In addition, models similar to ours occur in 
problems of the growth of interfaces between two phases.15 

We have shown here, in this work that the two-dimensional 
XY model is an ideal system in which to further the study of 
critical fluctuations in a finite system. 

Our result that the universal function is independent of 
the critical exponents is not what one would expect in gen- 
eral. Rather, one expects the form of the function to depend 
on the universality class and hence on the exponents. It will 
be interesting to try to quantify this universality class depen- 
dence in other models, where n-spin correlators are not 
simple functions of two-spin correlators. 

In conclusion we have shown that the critical finite size 
corrections to the thermodynamic limit spill over into the 
physical domain. This being the case experiments on a large 
class of systems should be possible in which order parameter 
distribution function analogous to Q(M) can be measured 
directly. 
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On the basis of the relation T(a,H) derived within the framework of the Bean-Rodbell model a 
semiquantitative analysis of (B,T) magnetic phase diagrams in the hexagonal region of the 
MnFePj^As.,. (0.15=£x=£0.66) series of compounds was carried out. It was found that the first 
order transition line in the (B,T) plane is terminated by the isolated critical point for x-0.33 and 
x = 0.5 contents. The positive value of dBc/dT and the saturation of the magnetization was found 
to be in agreement with the experiment. Thus the Bean-Rodbell model and the molecular field 
approximation can be applied to describe the discontinuous Ferro-Para magnetoelastic phase 
transition. Semiquantitative agreement between the theoretical and the experimental (B,T) 
magnetic phase diagrams was obtained. For the MnFeP0 67As0 33 compound the electronic structure 
calculations were performed by the Korringa-Kohn-Rostoker with the coherent potential 
approximation method. The density of states (DOS) curve calculated in the nonmagnetic state shows 
that the Fermi level falls in a deep minimum of DOS. It indicates that the metamagnetic B-field 
induced phase transition between the paramagnetic and the ferromagnetic states may be observed 
(metamagnetism of itinerant electrons) which remains in good agreement with our experimental 
results.   © 1998 American Institute of Physics. [S0021-8979(98)52011-7] 

1,2 

INTRODUCTION 

The MnFeP! -^As^ series of compounds in the hexago- 
nal region (Fe2P type) considered in this article exhibit very 
peculiar magnetic properties. In zero magnetic field, for in- 
vestigated ranges of temperature and composition, the meta- 
magnetic magnetoelastic phase transition was pointed out. 
Moreover, the influence of dc magnetic field, pressure, and 
temperature on magnetoelastic phase transitions of these 

compounds were also established.1-3 For 0.2s£.x=£ 0.275 the 
(B,T) phase diagrams show the existence of the critical end 

point while for x = 0.33 and x = 0.5 contents the isolated 
critical point (ICP) was confirmed. For MnFeP0 67As0 33 and 

MnFeP0.5As0 5 the metamagnetic field induced phase transi- 
tion between the paramagnetic (disordered) state and the fer- 

romagnetic one was observed.1'2'4'5 In this article we present 

a semiquantitative analysis of (B,T) magnetic phase dia- 
grams for x = 0.33 and x = 0.5 contents based both on the 
molecular field approximation (the Bean-Rodbell model6) 
and on the itinerant electron model of phase transitions.7-9 In 
the latter the ground state density of states (DOS) electronic 

structure of MnFeP067As033 was calculated using the 
Korringa-Kohn-Rostocker (KKR) with the coherent poten- 

tial approximation (CPA) method.10'11 The spin polarized 
electronic structure computations were presented for Fe2P 

and MnFeP0 7As0 3 in an earlier paper.12 The calculated mag- 
netic moments were found to be in close agreement with 
diffraction neutron measurements 

RESULTS AND DISCUSSION 

12 

The critical behavior of the magnetic system will be ana- 
lyzed on the basis of the generalized Gibbs free energy in the 
form as follows:6 

Gj(a,T) = Gex+GH+G dist "*" "entr-"- gpress > (1) 

where Gex, GH, Gdist, Gentr, and Gpress are the exchange 
energy calculated on the basis of the molecular field model, 
the Zeeman energy, the elastic energy, the entropy term, and 
the pressure term, respectively. Furthermore, the thermody- 
namical analysis of the (B,T) magnetic phase diagrams will 
be limited to the diagrams where the ICP was experimentally 
found. Minimizing the free energy G [Eq. (1)] with respect 
to volume in the case of lack of external pressure (Gpress 

= 0) we obtain 

37 
Nk 2(7+1) 

T0CT
2
- 

9 [(2j+l)4-l] 

20    [2(i+1)]4 
T 4 

gfiBJHa 
■TS,(tr), (2) 

"'Corresponding author; electronic mail: puzach@cyf-kx.edu.pl where 
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FIG.   1.   Calculated   magnetization   aH(T)   for   MnFeP05As05   0 = 2, 
V= 1.62, r„ = 250 K). 

Vf 
5   [4/(j + l)]2 

"2[(2;+l)4-l] 
NkKT0ß

2, 

N is number of magnetic atoms per unit volume; T0 is the 
Curie temperature for assuming incompressible lattice; Sj is 
magnetic entropy, k is the Boltzmann constant; g is the 
Lande factor; K is the coefficient of compressibility, and j is 
total angular momentum. 

When minimizing Gmin [Eq. (2)] with respect to a in the 
presence of external magnetic field, we obtain an implicit 
expression of temperature T dependent relative magnetiza- 
tion a: 

T{a,H) = 

where 

aT0(r+bT0a' -I :— H 

7+1 ' 

Bj\a) 

9 (27+l)4-l     . 
5   [2(; + l)]4   w: 

(3) 

B~\<T)- 
da' 

From Eq. (3) the magnetization plots at constant magnetic 
field can be derived from the isofield magnetization crH(T) 
curves. 

The magnetization measurements in the low temperature 
range show that the saturation magnetization is about 
~4 yUg/fu so we conclude that the angular momentum is j 
= 2 (it was assumed that g — 2). Also, the magnetic moment 
of 3.9 fj,B /fu was found from the KKR-CPA calculations. In 
the external magnetic field up to 28 T the ICP was unam- 
biguously experimentally confirmed only in the case of two 
As contents. So the samples MnFeP0 5 As0 5 and 
MnFeP0 67As0 33 were chosen for detailed numerical analysis. 
The magnetization versus temperature plots crH(T) for se- 
lected external magnetic field values are presented in Fig. 1. 
They were obtained using the following model parameters: 
7 = 2, 97=1.62, and 70 = 250K. In this case the best agree- 
ment with the experimental results measured in 
MnFeP0.5As0.5 was achieved.4 In the magnetic fields ß = 0 
and 5 T the first order transition still exist (lines 1 and 2 in 
Fig. 1). However, for the fields £ = 10 and 12 T the first 

order transition is not shown. It means that the first order 
discontinuous phase transition is terminated above B 
~ 10 T. It allows one to conclude, that in the vicinity of 
7cr~300K and 5cr~ll T, the ICP is reached. Such a phe- 
nomenon was experimentally observed for MnFeP0 5As0 5.

1>4 

Similar dependencies of magnetization versus temperature 
crH(T) at selected magnetic fields for MnFeP0 67As0 33 were 
also calculated. For magnetic field B = 0, 10, and 20 T the 
discontinuous phase transition occurs. However, for field B 
~ 25 T this type of transition is not found. It is concluded 
that in the vicinity of rcr~250 K and B„~25 T the ICP is 
established. In the case of this compound (x = 0.33) the best 
agreement with experimental results was obtained for j = 2, 
77=2.7, and T0= 155 K. 

It is interesting to examine the free energy in more de- 
tail. Let us return to the minimal Gibbs free energy expressed 
by Eq. (2). We expand the entropy into a power series of a 
and after collecting terms in like powers of a the (Gmin 

-G0)/Nk can be written as follows:4 

a2    9[(2j + l)4 

[T-TQ]^ + 
Gmin     G0 

Nk 
3; 

7+1 

1] 
2      5    [2C/+1)]4 

O" gU-BJH 
X(T-VjTo)T + 6cjT--^f-a. 

(4) 

The coefficient c;- of the magnetic entropy term can be 
calculated on the basis of the power series expansion of the 
magnetic entropy expression into powers of a (up to sixth 
order). Thus c;- is determined as 

1 
c, = - 

2(7+l)s 

99   4    198   3    63   2    243 .     243 \ 

175 j "^nl-7 +5Öj +35Ö-,'+14ÖÖr 
(5) 

To illustrate some features of the free energy at the first 
order transition, the free energy isotherms in the vicinity of 
the temperature corresponding to ICP are reported in Fig. 2. 
For this the model parameters 7 = 2, 77=1.62, T0 = 250K, 

Z 

6 

0.2        0.4        0.6        0.8 1.0 

magnetisation   a 

FIG. 2. The free energy (Gmin-G0/M) isotherms vs a in the vicinity of the 
ICP as calculated on the basis of Landau expansion [Eq. (4)] for j = 2; 
n= 1.62; r0=250 K and B= 10 T. (1) T=330, (2) 320, (3) 314, (4) 313, (5) 
310, (6) 305, and (7) 300 K. 
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FIG. 3. Total DOS for MnFeP0 67As0 33 in the nonmagnetic ground state. 
The inset shows the DOS in the vicinity of EF. 

and B = 10T were chosen for calculations of (G 
— G0)/Nk. The free energy minima which determine the 
spontaneous magnetization were found to be strongly depen- 
dent on temperature. The free energy minima (B = 10 T) be- 
come less and less pronounced and shift towards higher val- 
ues of a when the temperature decreases. 

Now we will discuss the itinerant electron paramagnet- 
ism, which was observed in several 3rf-metal compounds 
[i.e., YCo2, TiBe2, FePt3, Co(Se1_xSx)2, RCo5]

7 under 
magnetic fields in the range 10-50 T where different types 
of transitions either from paramagnetism to ferromagnetism 
or from antiferromagnetism to ferromagnetism were ob- 
served. This first order type of transition, characteristic of 
itinerant paramagnets in the magnetic field, is strongly re- 
lated to a shape of the density of states near the Fermi level. 
The magnetic properties of paramagnets with the DOS close 
to the Stoner criterion may be significantly modified by mag- 
netic field if the DOS strongly varies in the vicinity of EF ,8'9 

In Fig. 3 the total DOS curve for MnFeP0 67As0 33 in the 
nonmagnetic state is presented. A more detailed analysis of 
the DOS curve near the Fermi level showed that EF is lo- 
cated in the vicinity of the deep DOS minimum (Fig. 3). The 
semiquantitative computations of the DOS derivative in the 
neighborhood of the Fermi energy demonstrate that the sec- 
ond derivative of DOS calculated at EF for MnFeP0 67As0 33 

is positive. We conclude that the field induced metamagnetic 
transition from the paramagnetic (nonmagnetic in KKR- 
CPA computations) to the magnetically ordered phase is ex- 
plained theoretically in this compound, in agreement with the 
experiment. A specific manifestation of the itinerant nature 
of the metamagnetic transition is the strong field dependence 
of the susceptibility of the paramagnet. This property was 
experimentally observed in the case of MnFeP0 67As0 33 and 

MnFeP05As05. ' ' Quantitative analysis of such a type of 
phase transition is possible if the temperature dependence of 
the molecular field coefficient X is known. Note that for Fe X 
strongly depends on the temperature but for Mn this depen- 
dence was not found.9 

As a comparison, the electronic band structure calcula- 
tions for Fe2P in the paramagnetic (nonmagnetic) state were 
performed by KKR method, which showed a very profound 
minimum of the density of states in the vicinity of the Fermi 
level. The Fermi energy EF is in the region where the first 
derivative of the density of states is very large. This is in 
agreement with the strong sensitivity of the magnetic prop- 
erties of Fe2P on such parameters as external pressure, mag- 
netic field, and composition. Moreover, the second derivative 
of the DOS curve calculated at the Fermi level is also posi- 
tive. Note that an isolated critical point, similar to that in the 
MnFeP! -^As^. series, was found experimentally in this com- 
pound. However, in the latter the value of the critical field 
was found to be much smaller than that in the former.13 

CONCLUSIONS 

Semiquantitative analysis of magnetic phase diagrams 
exhibiting the ICP for the MnFeP] .^As^ series of com- 

min      pounds led to conclusions that can be summed up as follows. 

(1) The Bean-Rodbell model was successfully applied to 
describe the discontinuous Ferro-Para magnetoelastic 
phase transition. 

(2) A semiquantitative agreement between the theoretical 
and the experimental (B,T) magnetic phase diagrams 
was obtained. The discontinuous transition line in the 
(B,T) plane is terminated by the ICP. 

(3) For the nonmagnetic MnFeP0 67As0,33 compound KKR- 
CPA ground state electronic structure calculations were 
performed. They showed that the Fermi level is in the 
vicinity of the deep minimum of the DOS curve. 
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Magnetic behavior of the low-dimensional compounds Ba2Cu304Cl2 
and Ba3Cu204Cl2 

D. Eckert, K. Ruck, M. Wolf, G. Krabbes, and K.-H. Müller3' 
IFW Dresden, P.O. Box 270016, 01171 Dresden, Germany 

Orthorhombic Ba3Cu204Cl2 contains folded Cu204 chains along the crystallographic a direction 
with two different Cu sites. In single crystals of this compound the magnetization measured for a 
field applied parallel to the a axis shows a spin-flop transition at a threshold field of 2.6 T for 
temperatures below TN^ 20 K. Above TN a Curie-Weiss behavior is found with a paramagnetic 
moment of 2.0 fiB per Cu atom. Parallel to the b or c axis the magnetization increases linearly with 
the field strength, and no metamagnetic transition was detected for these directions. It is concluded 
that Ba3Cu204Cl2 has localized magnetic moments which, at low temperatures, order 
antiferromagnetically parallel to the a axis. The bulklike magnetic behavior of this compound is 
probably caused by a strong coupling between the Cu204 chains. Tetragonal Ba2Cu304Cl2 is built 
up of Cu304 planes, also with two types of copper atoms (CuA ,CuB). Its magnetization increases 
nearly linearly with the field. Below TNA = 337K single-crystalline Ba2Cu304Cl2 shows a 
spontaneous magnetization and ferromagnetic hysteresis for fields applied parallel to the tetragonal 
[100] or [110] directions. For T< TNB<=* 33 K, the coercive field is more than one order of magnitude 
larger compared to that measured in the temperature range TNB<T<TNA. The spontaneous 
magnetization observed in TNB<T<TNA may be attributed to weak ferromagnetism of the 
Dzyaloshinsky-Moriya type. The behavior of Ba2Cu304Cl2 at lower temperatures, r=£ TNB, is not 
yet understood.   © 1998 American Institute of Physics. [S0021-8979(98)25211-X] 

Compounds containing copper oxide layers or chains 
and related oxychlorides are of interest because they may 
become superconductors when doped. Moreover, they show 
nearly two-dimensional quantum antiferromagnetic1'2 or 
even quasi-one-dimensional behavior.1'3'4 Tetragonal 
Ba2Cu304Cl2 is built up of Cu304 planes with two types of 
copper atoms (Cu^Cu^),5 whereas the orthorhombic 
Ba3Cu204Cl2 contains folded Cu204 chains along [100], also 
with two different Cu sites.6 The magnetic properties of 
Ba3Cu204Cl2, to the best of our knowledge, have not been 
investigated so far. On the other hand, it is well known that 
in Ba2Cu304Cl2 as well as Sr2Cu304Cl2 the moments of the 
CuA and CuB atoms order antiferromagnetically at different 
temperatures rA,,4 = 300,...,380K and TNB~30,...£0K, 
respectively.7-9 A small spontaneous magnetization M0 

within the basal plane of the tetragonal lattice has been 
reported.8'9 The presence of this spontaneous magnetization 
in the temperature range TNB<T<TNA is contradictorily dis- 
cussed in the literature. The Dzyaloshinsky10-Moriyan-type 
interaction leading to weak ferromagnetism has been quoted 
in Ref. 8. This has been questioned referring to the high 
degree of crystal symmetry.9 Only little is known on the 
ferromagnetic hysteresis of these materials. Here, we will 
present some novel results on (i) the magnetic properties of 
Ba3Cu204Cl2 and Ba2Cu304Cl2 and (ii) their relation to the 
lattice structure of these compounds. 

Single crystals of Ba3Cu204Cl2 were prepared by flux 
methods. Ba2Cu304Cl2 single crystals were grown directly 
from the stoichiometric melt. The crystals of both com- 
pounds were grown up to a size of 20X 10X0.1 mm3. The 

a,Electronic mail: khm@ifw-dresden.de 

characterization with x-ray methods confirmed the reported 
structure.5'6 The magnetic measurements on the single- 
crystalline samples were performed in a Quantum Design 
superconducting quantum interference device magnetometer 
with a maximum field of 5 T and a temperature range from 
1.7 to 400 K. 

The field dependence of the magnetization M of 
Ba3Cu204Cl2, measured along the crystallographic a axis for 
various temperatures is presented in Fig. 1. Below 20 K 
these curves show a metamagnetic behavior,'2 i.e., an up- 
ward curvature in a limited range of H. At a threshold field 
Ht of 2.6 T the M versus H curve measured at low tempera- 
tures jumps between two straight lines. Above the jump, the 
slope is considerable larger than below. No metamagnetic 
behavior has been found for HWb or c, i.e., the M versus H 
curves (not shown in Fig. 1) are straight lines that, for all 
temperatures, nearly coincide with the straight line measured 
for HWa, above the threshold field. These observations indi- 
cate a spin-flop transition,13 i.e., a transition from a collinear 
antiferromagnetic structure with localized moments aligned 
along the a axis to a configuration perpendicular to the field. 
Above the spin-flop transition the moments progressively ro- 
tate towards the field direction. The most prominent example 
of compounds with Cu++ magnetic moments that undergo a 
spin-flop transition is CuCl2-2H20.1415 The temperature de- 
pendence of the susceptibility ^, shown in Fig. 2, is consis- 
tent with the concept of spin flopping. For sufficiently high 
temperatures the x(T) curves are well described by the 
Curie-Weiss law x= CI{T— 0), with the two fitting param- 
eters C (Curie constant) and 6 (paramagnetic Curie tempera- 
ture). The positive value of 6 manifests that the Cu++ mo- 
ments    experience,    in    addition    to    the    dominating 

0021 -8979/98/83(11 )/7240/3/$15.00 7240 1998 American Institute of Physics 
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single crystal, measured at 7=40 K with the magnetic field H applied par- 
allel to different crystallographic directions. For H parallel to [110] or [100] 
the extrapolation to H=0 gives a finite magnetization M0>0. 

antiferromagnetic coupling, a ferromagnetic exchange inter- 
action. A mean paramagnetic moment of 2.0 fiB per Cu+ + 

ion has been determined from the fitted value of C. For T 
<6^TN and H<Ht, the susceptibility x increases linearly 
with T for H\\a but it remains nearly constant for HWb or c. 
Obviously, the magnetic coupling between the Cu204 chains 
in Ba3Cu204Ci2 is strong enough to allow a three- 
dimensional antiferromagnetic behavior connected with a 
spin-flop transition. 

Figure 3 shows the magnetization curves of 
Ba2Cu304Cl2 measured for three crystallographic directions 
at 40 K, i.e., at a temperature between the two reported an- 
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tiferromagnetic ordering temperatures TNA and TNB. The 
straight line measured along [001] indicates that this direc- 
tion is perpendicular to the antiferromagnetically ordered 
Cu£+ moments. On the other hand, the finite magnetization 
M0 measured for H—>0 in both directions in the basal plane, 
[100] and [110], indicates the presence of a small spontane- 
ous magnetization as reported in Ref. 8. Furthermore, some 
metamagnetic behavior at a threshold field Ht is found for 
ffll[100]. The temperature dependence of the residual mag- 
netization M0, measured for H\\[ 100] and H\\[ 110], is given 
in Fig. 4. The value of M0 is not much different for both 
directions and it vanishes at T<*> 337 K, which is close to the 
reported8 upper Neel temperature TNA. Significantly smaller 
values of M0 are observed for #11 [100], only below the 
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FIG. 4. Temperature dependence of the residual magnetization M0 accord- 
ing to Fig. 3, for two directions in the basal plane. M0 vanishes at TNA 

«=337 K, the upper of the two Neel temperatures. 7^=33 K is the lower 
Neel temperature determined from the minimum of the susceptibility. 
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FIG. 5. Temperature dependence of the threshold field H, for //ll[100] (as 
defined in Fig. 3). 

lower of the two Neel temperatures, TNB^33 K, which has 
been obtained from the singularities of the temperature de- 
pendence of the inverse magnetic susceptibility l/y, not pre- 
sented in a figure. As shown in Fig. 5, the threshold field H, 
increases with increasing temperature, almost in the whole 
range TNB<T<TNA . Contrary to the results of Ref. 8 where 
ferromagnetic hysteresis was found for #ll[110] but not for 
//||[100], we observed similar types of hysteresis curves for 
both directions. This is not surprising in view of the square 
symmetry in the tetragonal basal plane. Typical hysteresis 
loops measured for 77||[100] are presented in Fig. 6. Above 
the lower Neel temperature TNB the coercive field Hc is more 
than one order of magnitude smaller than below. Between 
TNB and TNA, /J.QHC is only about 0.5 mT, for both direc- 
tions [110] and [100], and does not much depend on tem- 
perature. The microscopic mechanism for the magnetic prop- 
erties of Ba2Cu304Cl2, as presented in Figs. 3-6 and 
reported in Ref. 8, remains to be clarified. At higher fields 
the demagnetization curve measured for ffll[100] (cf. Fig. 3) 
approaches a straight line passing through the origin. A simi- 
lar behavior is observed for certain ferrimagnetic compounds 
that exhibit field-induced spin canting,16 which is to some 
extend comparable to the spin-flop transition discussed for 
Ba3Cu204Cl2. In the temperature range of TNB-TNA , how- 
ever, ferrimagnetism can be excluded to interpret Fig. 3 be- 
cause only one type of magnetic ions, Cu^ + , is reported to 
take part in the ordered magnetic structure.7 The anisotropic 
pseudodipolar interaction between the antiferromagnetically 
ordered CuA and the paramagnetic CuB moments has been 
successfully proposed9 to explain, for temperatures above 
TNB, the presence of a spontaneous magnetization and the 
metamagnetic behavior of Sr2Cu304Cl2, which has the same 
structure as Ba2Cu304Cl2. The weak point of this scenario is 
that it does not work below TNB where both types of Cu 
moments are antiferromagnetically ordered but a spontane- 
ous magnetization is still present. Weak ferromagnetism of 
the Dzyaloshinsky-Moriya (DM) type10'11 has also been 
quoted to be the relevant mechanism.8 This has been ques- 
tioned referring to the "perfectly tetragonal structure." 9 

However, this argument though being valid for Sr2Cu02Cl2 

cs 
E 
< 

C o 
"5 
N 

% 
C 
U) 
o 
2 

001   Ba2Cu304Cl2 

-0.01 

50 0 50 

Magnetic field ^0H    (mT) 

FIG. 6. The hysteresis loop of Ba2Cu304Cl2, measured below TNB^33i K 
for #ll[100], is characterized by a coercive field (i<>Hc of about 15 mT. 
Above TNB the coercive field is more than one order of magnitude smaller. 

does not hold for Sr2Cu304Cl2 in the temperature range 
above TNB, where in terms of symmetry the CuB atoms can 
be considered to be nonmagnetic. Although both compounds 
have the same tetragonal space group, weak ferromagnetism 
is not forbidden for Sr2Cu304Cl2 and Ba2Cu304Cl2 because 
not only the crystal symmetry has to be taken into account 
but also the symmetry of the zero-order collinear antiferro- 
magnetic order. The problem is, however, that below TNB 

where two different types of Cu++ ions are antiferromagneti- 
cally ordered, the DM scenario cannot be used without modi- 
fication. Thus, the intrinsic magnetic properties of 
Ba2Cu304Cl2 observed below TNB is not yet understood at 
all. 

The authors are grateful to M. S. Golden for stimulating 
discussions. 
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Magnetic transitions and structural transformations have been investigated in CuIr2S4_J.Se^ (0 
=Sx=£4). It is found from magnetic, resistivity, and thermopower studies that the transition 
temperature decreases as the Se concentration is increased. The change in magnetization occurs over 
a 10-15 K range at lower Se concentration, while it broadens to 30 K for an Se concentration of 
x = 0.5. Low-temperature studies proved that beyond the composition corresponding to x = 0.5 the 
cubic structure is stabilized. The metal-insulator transition beyond the x = 0.5 composition arises 
from the electronic rather than from the lattice contribution. © 1998 American Institute of Physics. 
[S0021-8979(98)40511-5] 

I. INTRODUCTION 

Chalcogenide spinel compounds have been studied ex- 
tensively from a variety of viewpoints such as crystal struc- 
ture, magnetism, superconductivity, and giant magnetoresis- 
tance. The thiospinel compound, CuIr2S4, displays a metal- 
insulator transition around 230 K.1 The magnetization 
changes from paramagnetism at high temperatures to dia- 
magnetism at low temperatures and exhibits hysteresis on 
heating and cooling. Earlier studies have indicated2 that the 
formal valence of Cu and Ir changes as one varies the sulfur 
composition in Culv2S4+x (x = 0, 0.1, and -0.1). We have 
investigated the magnetic transition and structural transfor- 
mations in CuIr2S4_J.SeA. (0=S;c=£4). It is found that the tran- 
sition temperature decreases as the Se concentration is in- 
creased. The magnetic, thermopower, and x-ray diffraction 
studies prove that beyond the composition corresponding to 
A: = 0.5 the cubic structure is stabilized; the broadened metal- 
insulator transition beyond this composition is attributed to 
electronic effects. 

II. EXPERIMENTAL METHODS 

Stoichiometrically mixed powders of Cu, Ir, S, and Se 
were fired at 850 °C in sealed quartz ampoules for 8 days. 
After regrinding, the powders were pelletized and sintered at 
850 °C for 4 days. During sintering the ampoules were pro- 
vided with additional powder of the same composition to 
minimize the escape of S and Se from the pellet. Powder 
x-ray diffraction was performed on a diffractometer with a 
low-temperature attachment. Sintered samples were em- 
ployed for magnetization studies using a Cryogenic Consult- 
ants Limited SQUID magnetometer. Magnetization data 
were taken at 5 to 324 K in fields up to 6 T. Electrical 
resistivity was carried out by means of the standard four- 

probe technique. Measurements of Seebeck coefficients were 
performed in an automated thermopower setup.3 

III. RESULTS AND DISCUSSION 

Powder x-ray diffraction of different compositions at 
300 K confirmed that all the samples were monophasic and 

~3 

f   2 
£   „ u   0 

2 -2 

2 -4^ 

(a) 

H = 0.1T 

(b) 
2   3 75   ^1 
H = 0.1T 

0.25 

(0) 

H = 0.1T        ^T^ 

  

CuIr2S3 00Sej 00 

H = 1.0T 
,#•*   

150     160      170 180     190     200     210     220     230     240 
T(K) 

FIG. 1. (a)-(d) Warming and cooling magnetization versus temperature 
data indicating a shift in the metal to insulator transitions of CuIr^-^Se, 
forx=0, 0.25, 0.5, and 1.0. 
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cubic in structure at the limit of detection. The variation of 
magnetization as a function of temperature is given in Figs. 
l(a)-l(d) for the compositions x = 0, 0.25, 0.5, and 1.0. As 
can be seen, a change in magnetization occurs over a 10-15 
K range at the lower Se concentrations of x = 0 and 0.25, 
while for the composition x = 0.5 the transition is spread over 
a region of 30 K. The mean temperature of the transition 
diminishes as x is increased. The hysteresis on cooling and 
heating is progressively reduced as the Se concentration is 
increased. This hysteresis in magnetization is associated with 
the cubic to tetragonal transition and with the concomitant 
volume change. 

Figure 2 shows the x-ray diffraction pattern obtained 
while cooling the samples. The transformation from the cu- 
bic structure to the tetragonal structure is clearly seen to 
occur close to the transition temperature for x = 0.1, while for 
x = 0.5 the peaks are also broadened close to the transition 
because of the lattice strain introduced by the Se substitution. 
Beyond this composition the cubic structure appears to be 
stabilized. This trend is also confirmed from the variation of 

(a) 
CuIr2S4.xSex 

-A— Tw warming 

T-.  Tc cooling 

0.0 0.5 1.0 1.5 2.0 

f 

I 

(b) 

FIG. 3. (a) Variation of transition temperature as a function of composition 
in CuIr2S4_jSe, (JT = 0-2.0). (b) Variation of the change in magnetization 
curve as a function of composition in CuI^S^^Se^ (.1 = 0-2.0). 

transition temperature Tc as a function of composition, as 
shown in Fig. 3(a). As can be seen, the hysteresis in magne- 
tization disappears for x>0.5, the points beyond that com- 
positions are read off from the midpoint of very broad tran- 
sitions. The irregularities in Tc for 0.3<x<0.5 arise because 
of the difficulties in estimating Tc values from the spread-out 
transition range. From the magnitude of the change in mag- 
netization (between the dia- and para-magnetic states) as 
shown in Fig. 3(b), it is clear that the number of carriers 
available for transition is reduced as the Se concentration 
increases. From resistivity measurements shown in Fig. 4(b), 
it is found that beyond the x = 0.5 composition CuIr2S4_xSe^ 
becomes less semiconducting; for x = 4.0 the material is me- 
tallic. For the x = 0.75 composition, the cubic phase is the 
stable phase at and below room temperature [see Fig. 2(c)]. 
The metal-insulator transition beyond the x = 0.5 composi- 
tion arises mainly from the electronic rather than from the 
lattice contribution. This is confirmed from the fhermopower 
and resistivity measurements on selected samples. As can be 
seen from Figs. 4(a) and 4(b) the transition is broadened for 
x = 0.55 and x = 0.75. The x = 0.75 sample still undergoes a 
gradual changeover to a metal, even though it remains cubic. 
At high temperatures, the Seebeck coefficient approaches a 
constant value of - 40 /iV/deg for all the compositions stud- 
ied. The variation of Seebeck coefficient is sharpest for x 
= 0.45; this coincides with the higher value of resistivity for 
this sample. At this composition both cubic and tetragonal 
phases coexist over a 10 K range encompassed by the hys- 
teresis. 
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the Ir atoms increase in size when S atoms are substituted by 
the larger Se atoms. The transition to the insulating phase 
can then be attributed to the positional ordering of Ir3"1" and 
Ir4+ ions at compositions with low Se concentration, similar 
to the Verwey transition of Fe304.4'5 This approach is based 
on the assumption that charge transport involves an activated 
hopping process of carriers among nearest neighbors of the 
octahedrally coordinated cationic interstices. Normally, for 
materials undergoing metal-insulator transitions the switch- 
ing process in the absence of electronic effects is thermally 
activated.6 However, in the case of CuIr2S4_A;Se^, the 
switching process could be due to the type of electrothermal 
effects discussed by Chudnovskii et al.7 Further studies on 
the electronic structure are essential to determine the precise 
origin of the metal-insulator transition in CuIr2S4_J.Sex. 

IV. CONCLUSION 

We have found that the Se substitution decreases the 
transition temperature and changes the magnetic properties 
of CuIr2S4_J.SeJ. The cubic structure is stabilized for com- 
positions beyond jt'=0.5; the metal-insulator crossover at 
higher Se concentrations in the cubic phase is attributed to 
electronic effects. 
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FIG. 4. (a) Measured Seebeck coefficients versus temperature for 
CuIr2S4_ISet (x = 0.1, 0.45, 0.55, and 0.75). (b) Variation of resistivity as a 
function of temperature for x = 0.45, 0.55, and 0.75. 

The metal-insulator transition at higher Se compositions 
could be driven by change in bond angles. Since Se is larger 
than S, a higher Se concentration stabilizes the larger volume 
of the cubic structure. The octahedral interstices containing 
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Finite size scaling in the thin film limit 
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The thickness dependent spin-polarized electronic structure of strained thin and ultrathin films of Gd 
is characterized by a distinct change in the critical exponent X in the formalism of finite size scaling. 
The reduced critical exponent in the ultrathin films can be correlated to the increased dominance of 
the surface magnetic structure and the increasing paramagnetic-like behavior of the bulk. © 1998 
American Institute of Physics. [S0021-8979(98)34111-0] 

With decreasing film thickness the surface may become 
increasingly more important for the magnetic ordering of 
ultrathin films. The surface and bulk electronic structure may 
adopt the role of "actor" or "spectator" in a ferromagnetic 
thin film.1 Electronic structure and its influence will depend 
in any case, upon electron wave vector2 and the film 
thickness.3 

The distinct magnetic properties of the surface as well as 
the bulk will have significant effects on the finite size scaling 
behavior of thin films and deviations from the expected finite 
size scaling behavior4 

TCM-Tc{d) 
= C-d~ (1) 

can be expected.3 If surface magnetism has a prominent' 'ac- 
tive" role in the magnetic ordering of ultrathin films it will 
influence the critical exponent K. There have been a few 
examples of deviations in the critical exponent X. in the thin 
film limit to date.5 

We studied the finite size scaling behavior for increas- 
ingly thinner films of strained Gd6'7 with spin-polarized pho- 
toemission as described elsewhere.2'3 The spin-polarized 
valence-band photoemission spectra of the strained Gd films 
have distinct features attributable to the surface and the 
bulk.2'3,8 This permits one to characterize the magnetic be- 
havior of the surface and the bulk separately,2'3 as has been 
done for "unstrained" Gd(OOOl).9 Strained films of gado- 
linium with an increased lattice constant of approximately 
4% have been obtained by growing Gd on a Mo(112) sub- 
strate. The half filled 4/ shell of gadolinium results in highly 
localized moments which couple via "RKKY-like" interac- 
tions through itinerant valence electron states. The magnetic 
structure of the system is strongly influenced by the intra- 
atomic 4f-(5d,6s) wave function overlap and 5d,6s va- 
lence electron itinerancy.10 The electronic valence-band 
structure, hybridization, and electron itinerancy are all very 
sensitive to the lattice configuration. Expansive strain of 4% 
within the hexagonal closed-packed system substantially al- 
ters the electronic and magnetic valence-band structure.2'3'6 

The strain results in increased electron localization of the 
itinerant valence electrons and therefore enhances local mo- 
ment ferromagnetism. 

The thickness dependent Curie temperature of strained 
Gd, as determined from spin-polarized photoemission, ex- 
hibits a decrease with decreasing film thickness, characteris- 
tic of finite size scaling behavior. Figure 1 shows the reduced 
Curie temperature [Tc(cc)-Tc(d)]/Tc(<*>) as a function of 
film thickness d in a logarithmic plot. The data points dis- 
played are for the strained Gd surface (O) [rc(°°) 
= 370K] and the strained Gd bulk (■) [rc(°°) = 340K]. 
Each data point has been determined from the temperature- 
dependent exchange splitting and spin polarization of the 
corresponding spin-polarized photoemission features. While 
there is a wave vector dependence of the exchange splitting 
and spin polarization,2 the Curie temperatures have been de- 
duced from the valence-band spectra with maximum ex- 
change splitting, which is at the Brillouin zone edge.2 This 
Brillouin zone point provides the best indicator of Tc. For 
comparison, the data for unstrained Gd(0001) (•) [Tc(°°) 
= 293 K] is shown, which has been extracted from magnetic 
susceptibility measurements by Farle and co-workers for 
GdAV(llO).11 In this logarithmic plot the slope of the dis- 
played data points marks the critical exponent \ of the finite 
size scaling description of the correlation length, as denoted 
in Eq. (1). 

FIG. 1. The reduced Curie temperature [Tc(«>)-Tc(d)]ITc(a>) as a func- 
tion of film thickness d in a logarithmic plot. The data points displayed are 
for the strained Gd surface (O) [rc(=°) = 370 K], the strained Gd bulk (■) 
[rc(») = 340K], and the unstrained Gd (•) [rc(<x>) = 293 K]. The latter 
data are adapted from Ref. 11. 

0021 -8979/98/83(11 )/7246/3/$15.00 7246 © 1998 American Institute of Physics 
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FIG. 2. The exchange splitting (top) and spin asymmetry above background 
(bottom) of the surface (open symbols) and bulk (filled symbols) spin sub- 
bands as a function of wave vector. Data are shown for a 4 ML thick (left) 
and a 40 ML thick (right) strained Gd film. The data points have been 
extracted from spin-polarized photoemission spectra. 

Clearly the thickness dependence of the reduced Curie 
temperature for strained thin films of Gd does not follow the 
expected fixed exponential. A variation of the critical expo- 
nent with film thickness is indicated. For film thicknesses of 
more than approximately 15 monolayers (ML), the critical 
exponent X is comparable to the one of the unstrained Gd 
films, as determined by the similar slope. For the ultrathin 
films (d^ 15 ML), the slope for strained Gd is reduced by a 
factor of approximately 4, reflecting a reduced critical expo- 
nent X and decreased sensitivity to finite size scaling. A 
variation of the critical exponent similar to the one evident 
for strained Gd is possibly indicated for the unstrained Gd 
films at thicknesses of less than approximately 8 ML (Fig. 
1). The limited data points for the ultrathin films (d 
< 10 ML) that are presented in Ref. 11 make this postulate, 
however, rather weak. A deviation from the expected finite 
size scaling behavior is also apparent in Gd/W multilayers 
for Gd interlayer thickness of less than approximately 15 
ML.12 A crossover from three- to two-dimensionality is 
possible,5'13 but generally dimensionality crossover should 
result in an increase in the critical exponent14—not a de- 
crease as observed here. 

Concomitant with the variation of the critical exponent 
for decreasing film thicknesses, the bulk bands of the 
strained Gd films become paramagnetic-like over an increas- 
ingly larger volume in fc-space.3 The dominance of the sur- 
face magnetic ordering in the ultrathin films is indicated in 
Fig. 2. Figure 2 plots the exchange splitting (top) and spin 
asymmetry (bottom) of surface (open symbols) and bulk 
(filled symbols) spin subbands as a function of wave vector 
for a 4 ML thick film (left) and a 40 ML thick film (right). 
While the magnitude of the measured exchange splitting is 
an indirect indication of the 5d moment,15 the polarization 
(above background) provides insight into the extent of the 
magnetic activity, Stoner-like magnetism and/or rigid band 
ferromagnetism. 

The exchange splitting of the bulk bands of the 4 ML 
thick strained Gd films is small throughout the surface Bril- 
louin zone and exceeds the experimental resolution of 0.05 
eV only near the zone edge (Aex^0.07 eV), indicative of 
minimal Stoner-like ferromagnetism, away from the vicinity 
of the zone edge Y". There is also no significant polarization 
(above background) in the region of the Gd bulk bands well 
away from the Fermi level for any wave vector. The bulk 
bands of the 4 ML thick Gd films exhibit the paramagnetic- 
like behavior expected with direct contact to a ferromagnet. 
For the 40 ML thick films, the magnetic ordering of the bulk 
bands follows a distinct wave vector dependence with negli- 
gible exchange splitting at the zone center T and substantial 
exchange splitting of approximately 0.25 eV near the zone 
edge M. The spin asymmetry behaves similarly with mini- 
mal asymmetry at f and large polarization at M. The wave 
vector dependent exchange splitting of the thicker strained 
Gd films suggests a change from paramagnetic-like behavior 
at the Brillouin zone center to Stoner-like magnetism at the 
zone edge. 

The magnetic ordering of the surface behaves differently 
from that of the bulk. The exchange splitting of the surface 
state of the 4 ML thick Gd films is of the order of 0.25 eV 
with little variation for different wave vectors. The spin po- 
larization in the region of the surface sensitive states ap- 
proaches approximately 17% (above background). The large 
spin asymmetry and relatively small exchange splitting is 
indicative of predominantly rigid band magnetism with some 
Stoner-like ferromagnetic contributions, largely independent 
of wave vector. This is in contrast to the strong wave vector 
dependence of the magnetic behavior of the thicker films (40 
ML). The surface state exchange splitting is large at the Bril- 
louin zone center (Aex««0.45 eV) and at the Brillouin zone 
edge (Aex«=0.57 eV). The minimum in the exchange split- 
ting of the surface feature at the Brillouin zone interior 
(Aex«=0.10 eV) has been attributed to a wave vector depen- 
dent change from a surface state (zone center and zone edge) 
to a surface resonance (zone interior).2 This dip of the sur- 
face exchange splitting is reflected in the spin asymmetry, 
which reduces to 4% in the Brillouin zone interior as com- 
pared to 10% at the zone center and 12% at the zone edge. 

With decreasing film thickness the region of the Bril- 
louin zone in which the bulk bands are paramagnetic be- 
comes increasingly larger and the surface magnetic ordering 
increasingly dominant, characterized by diminishing Stoner- 
like magnetism and strengthened rigid band magnetism. At 
the same time the bandstructure of the strained Gd films 
changes significantly. The bulk bands of the thicker films are 
dispersive with a bandwidth w of approximately 1.6 eV, in 
contrast to the ultrathin films which appear nearly disper- 
sionless (w=£0.15 eV). This has substantial consequences 
for the coherence length which can be estimated as / 
**^wlkBTca}6 Considering that there is a change in the 
bandwidth w of a factor of approximately 10 with decreasing 
film thickness, the bulk electron coherence length in the ul- 
trathin films is expected to be much shorter as compared to 
the thicker films. The surface state electrons of the strained 
Gd films are considerably more localized as compared to 
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those of the bulk bands, which is reflected in the narrow 
bandwidth of ws;0.2 eV, which is even smaller for the thin- 
ner film thicknesses. As a result, the magnetic structure of 
the increasingly thinner strained Gd films are governed by an 
RKKY interaction that is of increasingly shorter electron co- 
herence length. Finite size effects may become less influen- 
tial for decreased electron coherence lengths well away from 
Tc. In any case, the surface state exchange splitting is large 
at the Brillouin zone center where the band structure is most 
sensitive to long range order. Some bulk bands exhibit the 
smallest exchange splitting at zone center. This indicates that 
the surface may increasingly dominate the thin film magne- 
tism. A deviation from finite size scaling in terms of a re- 
duced critical exponent is expected and consistent with our 
thickness dependent critical temperature data (Fig. 1). For 
the limit of 5d valence electrons that are highly localized, 
polarized only by the local 4/ moments (which themselves 
do not have to be aligned, due to spin wave excitations), the 
electron coherence length becomes negligible and a vanish- 
ing critical exponent (X—>0) is expected for the thin film 
limit (d—>1), a change distinct from dimensionality effects. 

The reduced critical exponent for the ultrathin films is 
consistent with the magnetic behavior observed in free Gd 
clusters by Douglass et a/.17'18 Gd clusters of different sizes 
exhibit very similar magnetic moments per atom (although 
substantially reduced from that of the bulk gadolinium 
value). More importantly the Curie temperatures of these 
small Gdjv clusters (N= 10-92) are even larger than that of 
bulk gadolinium. Clearly, finite size scaling behavior fails in 
the physical world of small clusters and a trend of \—»0 as 
N—> 1 is indicated. Indeed ferromagnetic monolayers at finite 
temperature are known and routinely observed in the thin 
film limit of ultrathin films. Cluster studies indicate that the 
atomic coordination number may have significant influence 
on the magnetic behavior, and are an example of a cata- 
strophic failure of finite size scaling behavior. 

In the thin film limit, the apportionment of relative roles 
in the magnetic ordering of surface and bulk becomes very 
important for the description of the finite size scaling behav- 

ior. For strained Gd films, the short electron coherence 
length of the RKKY interaction is dominating the magnetic 
behavior of the ultrathin films, with the result of a substan- 
tially reduced critical exponent \. There is no a priori reason 
why this behavior should be restricted to the strained Gd 
films grown on a Mo(l 12) substrate. In fact a similar behav- 
ior is anticipated in the "relatively unstrained" Gd(0001) 
ultra-thin films grown on W(110), although experimental 
confirmation does not as yet exist. 

This work was supported by NSF through Grant Nos. 
DMR-92-21655 and DMR-94-96131. The experiments were 
carried out at the National Synchrotron Light Source which 
is funded by the DOE. 
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Disordered solid solutions containing a highly diluted magnetic element in which competitive 
exchange interactions are present can allow the observation of magnetic ordering (ferromagnetism, 
antiferromagnetism, and spin-glass behavior) at dilutor element contents different from those 
corresponding to ordered alloys. In this work we present a simulational study of the magnetic 
properties of the Al-rich, Al-Fe disordered alloy system, which meets the above mentioned 
requirements and is therefore a good candidate to show differences between the magnetic phase 
diagrams corresponding to the ordered and disordered states. Our simulations were carried out on 
the basis of a randomly site-diluted Ising model, using the Monte Carlo method as energy 
minimization tool. In our model, the spins of the Fe atoms are assumed to be coupled by a direct 
nearest-neighbor ferromagnetic exchange J (depending on the Al concentration), and by an 
Al-mediated antiferromagnetic superexchange interaction - aJ. Our results suggest the presence of 
ferromagnetic order for Al concentrations higher than those for which that order disappears in 
ordered alloys and the occurrence, for Fe atomic percentages between 10% and 25%, of a re-entrant 
spin glass phase whose freezing temperature decreases with the degree of dilution. © 7995 
American Institute of Physics. [S0021-8979(98)34211-5] 

I. INTRODUCTION 

Most of the work on the Al-Fe alloys in the literature,1'2 

focuses on systems where the atoms have well defined or- 
dered positions into the crystalline structure. These works, 
which cover exclusively the Fe-rich region of the phase dia- 
gram (Fe contents above 50 at. % Fe), show that, in the vi- 
cinity of 30 at. % Al and in the temperature region between 
90 and 170 K, there is a multicritical point in the magnetic 
phase diagram where the paramagnetic, ferromagnetic, and 
spin-glass phases meet. In contrast with the magnetic behav- 
ior of these ordered systems, the disordered alloys, in which 
the atoms are randomly distributed in the crystalline lattice, 
still exhibit3 ferromagnetism at 50 at. % Al. Further theoret- 
ical work,4 suggests^ that this ferromagnetic phase could be 
even present at higher Al concentrations. Very recently, a 
Monte Carlo study5 of the magnetic properties of Fe-rich, 
Al-Fe disordered alloys, based on a site-diluted Ising model, 
in which an explanation of why the Ising model can be ap- 
propriate is given, has predicted, in agreement with experi- 
mental data,3 a smooth decrease of the Curie temperature 
with the increase of the Al content. That decrease goes be- 
yond 30 at. % Al, the concentration for which the ordered 
alloys loose their long range magnetic order.1 In the present 
work we report simulation studies of the magnetic phase 
diagram of Al-Fe disordered alloys with Al contents higher 
than 50 at. %. We simulate the magnetic properties of these 
alloys in the framework of a random-site diluted Ising model 
with ferromagnetic and antiferromagnetic bonds for the first 
and second coordination shells, respectively. The tempera- 

ture evolution of the magnetization, the Edwards-Anderson 
parameter, the magnetic susceptibility and, the magnetic spe- 
cific heat are presented and discussed. 

II. DESCRIPTION OF THE MODEL 

In order to study the magnetic properties of Al-Fe dis- 
ordered alloys we have considered a diluted and random site 
Ising model with nearest-neighbors (nn) and next-nearest- 
neighbors (nnn) interactions. The zero-field Hamiltonian of 
this model can be written as 

(iJ) 
(nn) 

■- y T*. 

(nnn) 

cr,o-, (1) 

where /,;>0 is the ferromagnetic exchange parameter cor- 
responding to (nn) Fe-Fe pairs, J?.= -ajy<0 is the anti- 
ferromagnetic superexchange parameter corresponding to 
(nnn) Fe-Fe pairs (which are separated by an Al atom), a is 
the competition parameter taken to be 0.05,4 and o-,= ± 1 or 
0, depending on the occupation of the ;'th site by an Fe atom 
or an Al one, respectively. In order to consider site dilution 
the following probability distribution was simulated, 

P(ei)=pd(ei-l) + qS(ei), (2) 

"'Electronic mail: johans@calima.univalle.edu.co 

where p and q are the percent concentration of magnetic and 
nonmagnetic sites (p + q-l) and e,-= 1 or 0, depending on 
the j'th site occupation by a magnetic or nonmagnetic atom, 
respectively. The (nn) and (nnn) bonds are determined ac- 
cording to Jij=ei€jJ and J,*= -ae^jJ, respectively. 

As it has been already shown,3 the increase of the Al 
content produces an increase of the lattice parameter, due to 
the large atomic size of the Al atoms. Therefore, the Fe-Fe 

0021 -8979/98/83(11 )/7249/3/$15.00 7249 11998 American Institute of Physics 
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exchange integral should depend on the Al concentration q. 
Here, it was taken to vary from 50 up to 90 at. % Al accord- 
ing to3 

J(q)-J\-hi> (3) 

where Jx = 12.85 meV and /0=0.957! according to previous 
works,3'4 for which a good agreement with experimental data 
was obtained. 

In the case of (nn) interactions, 7^ = 0 for the diluted 
Fe-Al and Al-Al bonds and Jtj is given by Eq. (3) for 
ferromagnetic Fe-Fe bonds. For (nnn) interactions, J,j 
= — aJ only for those Fe atoms which are separated by an Al 
one, and 7,; = 0 otherwise. 

In agreement with the known crystalline structure of 
these alloys series, our simulated system consists on a three- 
dimensional (3D) bcc structure (11X11X11 atoms) with pe- 
riodic boundary conditions. In order to minimize Eq. (1), we 
have used the standard Monte Carlo method implemented 
with the Metropolis dynamics. Each Monte Carlo step 
(MCS) involves the evaluation of the spin-flip probability at 
all the different magnetic sites in the lattice. The maximum 
number of Monte Carlo steps was taken to be 10 000 MCS. 
The magnetization, the magnetic energy, the magnetic sus- 
ceptibility taken from the fluctuations in the magnetization, 
and the Edwards-Anderson (EA)6 parameter, were evalu- 
ated. MCS averages of these quantities, were considered in 
order to give thermodynamic equilibrium values for each 
particular system (atomic distribution) realization. We have 
repeated the relaxation process for different system realiza- 
tions (corresponding to the same q value and having differ- 
ent random Fe and Al atomic distributions) and carried out 
configurational averages. All the different runs were per- 
formed, simulating a typical zero field cooling (ZFC) mea- 
surement, by applying, during the heating process and data 
collection, a 100 Oe field. The critical temperature Tc values, 
linked to a ferroparamagnetic transition, for each considered 
q value, were determined from the maximum observed in the 
temperature dependence of the susceptibility and the mag- 
netic specific heat.7 The freezing temperatures associated to 
the spin glass transition are obtained from the temperature 
dependence of the Edwards-Anderson parameter <?EA-

8
'
9 

III. RESULTS AND DISCUSSION 

Figure 1 shows (for q ranging from 0.60 up to 0.90) the 
temperature dependences of the magnetic specific heat Cm, 
and the magnetic susceptibility \. From the maximum of 
these curves, an estimation of the Tc value was obtained. It is 
remarkable in Fig. 1 the rounded broad maximum present in 
the Cm vs T curves corresponding to high Al contents, which 
is possibly associated to a large negative critical exponent.10 

This behavior is characteristic of a spin glass10 phase. In 
order to compare the Tc values obtained from Cm and *, we 
have defined the ß parameter, given by ß=Tc[Cm]/Tc[x\- 
In the range 50-70 at. % Al, the ß value was 1.0. For higher 
Al contents, the obtained ß values are given in Table I. For 
75 at. % Al and higher Al contents, a shift between the cusps 
of the Cm vs T and x vs T curves, increasing with the dilu- 
tion increase is observed. Such behavior has already been 
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FIG. 1. Magnetic specific heat Cm (open circles) and susceptibility \ (solid 
circles), dependences on the temperature for different q values. 

observed in magnetic specific heat Cm(T) measurements ob- 
tained in spin glasses,10 where the maxima temperatures 
range between 1.3 and 1.8 Tf (Tf= freezing temperature ob- 
tained by susceptibility measurements). 

In order to obtain the freezing temperature, an extrapo- 
lation to the temperature axis8,9 of the qEA data correspond- 

TABLE I. Compositional dependence of ß=Tc[Cm]/Tc[x] in the at. %. Al 
range in which different temperatures are measured for the C„, and x 
maxima. 

0.75 
0.80 
0.825 
0.85 
0.875 
0.90 

ß 

1.2 
1.3 
1.4 
1.5 
1.8 
2.0 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Restrepo, Perez Alcazar, and Gonzalez       7251 

1.0- 

Si0.8- 

.  0.6- 
w 

g   0.4- 

•  MM 
s 

i \eo ^•.70 

• 

^\ 65 at % Al 

0.2- 

0 0- 

190 

\^ 
vnfc|^      «Mfow 

 1 1 'l 1 1 ■-! 1 [■  

0 20 40 60 80 

Temperature (K) 

FIG. 2. Temperature dependences of the Edwards-Anderson parameter and 
the magnetization (this one normalized to the 0 K spontaneous magnetiza- 
tion value) for different Al contents. The dashed lines correspond to the 
polynomial, through which and by extrapolation, the freezing temperatures 
were obtained. 

ing to temperatures below the inflection point by means of a 
third order polynomial, was performed as it is shown in Fig. 
2. This figure shows the qEA parameter and magnetization 
dependences on the temperature for different q values. Up to 
75 at. % Al, the system becomes saturable and the thermal 
evolutions of MIMS and qEA agree with a ferromagnetic be- 
havior. Also, the Cm and \ peaks are practically coincident, 
as expected for a well defined ferroparamagnetic transition. 
In contrast with this behavior, for Al contents higher than 75 
at. % Al, the magnetization does not reach its saturation 
value, as it can be observed for 80 and 90 at. % Al in Fig. 2. 
The observed differences (see Table I), in this Al concentra- 
tion range, between the Cm and \ peak temperatures, are, as 
already indicated, in agreement with the typical experimental 
results obtained in spin glasses. On the other hand, the dif- 
ference between the Tf values, obtained by extrapolation 
from the qEA vs T curves, and those corresponding to Tc and 
obtained from the \ vs T curves, define, in the high Al con- 
tent region, two clearly distinguishable phases. 

In Fig. 3 we show the proposed magnetic phase diagram 
summarizing the results of the present study. We would like 
to stress that the data shown in this figure exhibit two re- 
markable features. First, in contrast to the behavior of the 
ordered alloys, a pure ferromagnetic phase can be identified 
for Al concentrations of up to 75 at. %. Arguably results 
from the disorder, due to which the probability of finding 

200 

150- 

100- 

0.6        0.7        0.8 

Al Concentration 

FIG. 3. Disordered Al-rich, Al-Fe magnetic phase diagram proposed in the 
present work. 

two Fe atoms into the first and second coordination shell of a 
given Fe atom (forming a sort of Fe cluster) is nonzero even 
for large Al contents (this can be readily shown by consid- 
ering a binomial atomic distribution). Second, the data 
strongly suggest the occurrence of a re-entrant spin glass 
phase for Al contents higher than 75 at. % Al. This can be 
attributed both to the disorder and to the competition be- 
tween the ferro and antiferromagnetic exchange couplings, 
which plays a relevant role in this range of Al concentrations 
and temperature. 
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Processing effects on the magnetostrictive and physical properties 
of SmFe2/metal composites 

F. E. Pinkerton,a) T. W. Capehart, J. F. Herbst, E. G. Brewer, and C. B. Murphy 
Physics and Physical Chemistry Department, General Motors Research and Development Center, 
30500 Mound Road, Warren, Michigan 48090-9055 

Hot pressed SmFe2/Fe and SmFe2/Al composites combine the large magnetostriction of SmFe2 

with the mechanical robustness of the Fe or Al matrix. Here we report the dependence of the 
magnetostriction, density, and mechanical hardness on processing parameters, specifically on the 
SmFe2 volume fill fraction and the consolidation temperature. The magnetostriction increases 
monotonically with increasing SmFe2 content, but both the density and hardness decrease; low fill 
fraction composites are within 10% of theoretical density and have hardnesses of 40-85 Rockwell 
B, whereas hot pressed SmFe2 powder alone has high porosity (exceeding 30%) and is too soft to 
register on the Rockwell B hardness scale. The best combination of properties lies in the range of 
40%-60% SmFe2. Similar competition between magnetostriction and physical properties is 
observed as a function of the temperature used to consolidate the samples. The magnetostriction 
falls slowly as the hot press temperature increases, probably as a result of chemical reaction between 
the SmFe2 phase and the matrix metal. On the other hand, higher temperature improves the 
consolidation, resulting in higher density and hardness. These results demonstrate that the 
magnetostrictive and physical properties of SmFe2 composites can be tailored by adjusting the fill 
fraction and processing temperature. © 1998 American Institute of Physics. 
[S0021-8979(98)34311-X] 

I. INTRODUCTION 

Magnetostrictive materials show considerable promise 
as the active elements in automotive force and torque sensors 
(see, e.g., Ref. 1). We have recently reported the develop- 
ment of hot pressed magnetostrictive composites comprised 
of the magnetostrictively active compound SmFe2 embedded 
in an Fe or Al matrix.2 We use SmFe2, with saturation mag- 
netostriction \s= — 1560 ppm,3 because of its reduced cost 
compared to TbFe2-based compositions; we expect that simi- 
lar results would be obtained with TbFe2 and (Tb, Dy)Fe2. 
Our preliminary work concentrated on composites made with 
50% SmFe2 powder by volume in which we achieved satu- 
ration magnetostrictions |X.J = 280-440 ppm. These values 
are roughly an order of magnitude larger that those of mag- 
netostrictive steels such as T250 maraging steel (\s 

= 29 ppm), and the composites offer mechanical integrity 
considerably superior to that of pure SmFe2. The SmFe2 

component was obtained either from single-phased annealed 
SmFe2 ingot or from melt-spun and crystallized SmFe2 rib- 
bons. In the latter case the composites were good permanent 
magnets in addition to being highly magnetostrictive. 

This article examines the composite's magnetostriction 
as the fill fraction of SmFe2 powder is varied from 20% to 
100% by volume. We also report on changes in magneto- 
striction as the hot press temperature is varied between 530 
and 730 °C (Fe) or between 500 and 620 °C (Al). We addi- 
tionally monitor two important physical properties of the 
composite, namely the physical density p, which is a mea- 

"'Electronic mail: fpinkert@gmr.com 

sure of the porosity of the sample, and the Rockwell hard- 
ness, which we use as a relative indication of the mechanical 
integrity of the composite. 

II. EXPERIMENTAL PROCEDURES 

This work considers composites made from annealed 
single-phased SmFe2 ingot; we expect that similar results 
would be obtained for our ribbon-based composites. Com- 
posites were prepared as detailed previously:2 Starting ingots 
having the Sm0 333Fe0 667 stoichiometry were cast by induc- 
tion melting, then annealed for either 100 or 270 h at 700 °C 
to obtain single-phased ingots of SmFe2. The 100 h anneal 
was sufficient to produce pure SmFe2 material, and no fur- 
ther benefit was derived from annealing for the longer time; 
both anneals generated identical SmFe2 ingots as determined 
by x-ray diffraction analysis. The ingots were high energy 
ball milled for 5 mins in a SPEX 8000 mixer/mill to obtain 
SmFe2 powder. The powder was mixed with either Fe or Al 
powder and hot pressed at 95 MPa to obtain a composite 
cylinder 12.7 mm in diameter and about 7 mm high. A series 
of composites was hot pressed at 610 (Fe) or 540 °C (Al) in 
which the volume fraction of SmFe2 was varied between 
20% and 100%. A second series of composites was fabri- 
cated in which the SmFe2 fraction was fixed at 50% by vol- 
ume while the hot press temperature was varied between 530 
and 730 °C for Fe, and between 500 and 620 °C for Al.4 

The magnetostrictive strain \ as a function of the applied 
magnetic field H was measured using constantan strain 
gauges in a half-bridge configuration, mounted on the flat 
face of the cylindrical sample. In this arrangement two strain 

0021 -8979/98/83(11 )/7252/3/$15.00 7252 © 1998 American Institute of Physics 
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FIG. 1. Magnetostriction 2/3(X.B —\±) as a function of applied magnetic 
field H for hot pressed SmFe2/Fe composites made at various SmFe2 fill 
fractions. 

gauges simultaneously measure the strain Xa parallel to the 
direction of H and the strain \± in the direction perpendicu- 
lar to H, providing a direct measurement of the difference 
(A.|| —\_L). For an isotropic magnetostrictor (as is often as- 
sumed to be the case for randomly oriented polycrystalline 
materials such as these composites) and in a magnetic field 
large enough to saturate the magnetostrictive response this 
difference is proportional to the saturation magnetostriction 

K-        2 

^•J
=

3 (^-II
-
^)- 

Magnetostrictive strains were measured in magnetic fields up 
to ± 19 kOe. 

The physical density p was determined from the sample 
dimensions and weight. The hardness was obtained using a 
standard hardness tester on the Rockwell B scale. 

III. RESULTS AND DISCUSSION 

The magnetostrictive strains \ = 2/3(\|| — \±) as func- 
tions of the applied magnetic field H are shown for various 
SmFe2 fill fractions in Fig. 1 for composites made with Fe. A 
similar set of curves is generated for composites with Al. As 
expected, composites with larger SmFe2 fill fractions show 
higher magnetostrictive strains. Recently a mathematical 
model of magnetostriction in composite materials was devel- 
oped which describes the observed fill fraction dependence 
rather well.5 

None of the magnetostriction curves in Fig. 1 reach satu- 
ration in the maximum applied field of 19 kOe (the same is 
true for composites with Al). Somewhat surprisingly, it is 
easier to saturate the magnetostriction as the SmFe2 content 
increases, with the pure SmFe2 sample having the most 
nearly saturated appearance. The origin of this effect is not 
understood. To quantify this observation, the saturation mag- 
netostriction Ks was estimated by performing a least squares 
fit of each magnetostriction curve to the empirically chosen 
formula 

\(H) = \s[l-e-iH-hc)/h°l 
where \S = 2/3(A|| — \L)(H—>°°) and hc and h0 are fitting 
parameters. By comparing the magnetostriction at 19 kOe, 
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FIG. 2. Ratio \19/\s of the magnetostriction XI9=2/3(X.||-X±) measured at 
the maximum applied field of H=19 kOe to the extrapolated saturation 
magnetostriction \s = 2ß(\ll-\1) in the limit of very large field. The lines 
are guides to the eye. 

X.19=2/3(A.||-\L)(//= 19kOe), to \s the relative degree of 
saturation can be assessed. The ratios X19/X.s are shown in 
Fig. 2 for Fe (open circles) and Al (filled circles) composites. 
While composites at high SmFe2 fill fraction are close to 
saturation (\i9/\s= 1), at low fill fractions they are far from 
saturation, especially with Al. 

The dependence of 2/3(Xl}-\±) at 19 kOe on the SmFe2 

fill fraction is shown in Fig. 3 for the composites made with 
Fe. Also shown is the physical density p normalized to its 
theoretical value Ptheoreticai calculated from the volume frac- 
tion of the two constituents and the known densities of the 
SmFe2 and Fe components. The value of ptheoreticai is only 
approximate since it does not take into account any chemical 
reaction between the two constituents, which would form 
additional phases having different densities. Nevertheless, 
the ratio p/ptheoreticai serves as a rough measure of the poros- 
ity of the sample. The porosity at SmFe2 fill fractions up to 
50% is less than 15%, and decreases as the SmFe2 fraction 
drops. At high fill fractions the porosity is quite large, reach- 
ing a value exceeding 30% in a sample comprised of pure 
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hot pressed SmFe2 powder. Finally, the hardness is shown on 
Fig. 3 as the filled inverted triangles. The pure SmFe2 sample 
is too soft to register on the Rockwell B scale, but the hard- 
ness increases steadily as the SmFe2 fraction decreases, 
reaching nearly 90 Rockwell B at low fill fraction. 

Figure 4 shows similar data for composites made with 
Al. The trends in magnetostriction and density are very simi- 
lar to those observed in the Fe composites. The density ratios 
of the Al composites tend to be slightly higher than those of 
the corresponding Fe composites, probably because of the 
greater malleability of Al. The hardness is substantially re- 
duced in the Al composites and is also quite variable. This 
can be associated with the mechanical softness of annealed 
Al, and suggests that the hardness of the Al composites is 
quite sensitive to the details of the hot press, in ways which 
are currently not fully controlled. 

The variation of these properties with hot press tempera- 
ture is shown in Figs. 5 and 6 for composites made at 50 
vol % SmFe2 with Fe and Al, respectively. In both cases the 
magnetostriction decreases slowly with increasing hot press 
temperature. We ascribe this loss to chemical reaction be- 
tween the SmFe2 and Fe or Al matrix at elevated tempera- 
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FIG. 5. Dependence of the magnetostriction 2/3(\||-Xx) at //=19kOe 
(•), the density p normalized to the theoretical density ptheoreiicai (d). and 
the hardness (T) on the hot press temperature in 50 vol % SmFe2 compos- 
ites with Fe. 

ture, which converts part of the material at the particle inter- 
faces into additional, low magnetostrictive rare earth-Fe or 
rare earth-Al phases. On the other hand, higher hot press 
temperatures substantially improve the consolidation, result- 
ing in better density and hardness values. 

In conclusion, the magnetostriction of SmFe2/metal 
composites scales in the expected fashion with the magneto- 
strictive SmFe2 content. The best mechanical properties are 
found at relatively low fill fractions (20%-40%), where the 
porosity is around 10% and the hardness exceeds 40 (Al) or 
80 (Fe) Rockwell B. The consolidation temperature also 
strongly influences the properties, with higher hot press tem- 
perature giving reduced magnetostriction but improved con- 
solidation. These results indicate that some tailoring of the 
materials properties can be done if some of the high magne- 
tostriction can be sacrificed in favor of mechanical proper- 
ties. Taken as a whole, these results begin to establish limits 
on the SmFe2 fill fraction and the hot press temperature 
which simultaneously provide significant magnetostriction 
and reasonable mechanical properties. 
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Magnetomechanical coupling and elastic moduli of polymer-bonded 
Terfenol composites 
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The dependence of coupling coefficient (k) and elastic moduli (EH and EB) on particle size and 
volume fraction of Terfenol powder in polymer-bonded composites has been investigated. Materials 
were prepared with powder in five size ranges between 106 and 710 ^tm and in three volume 
fractions (VF). The moduli show a LE effect, which is negative for small bias fields and positive 
for larger fields. EH is found to be independent of particle size and to vary with VF in agreement 
with model predictions. The maximum value of k, for each sample, is found to be independent of 
both particle size and VF and a simple model is presented which predicts this behavior and indicates 
that the low values of kmm arise mainly from the low modulus of the epoxy binder. © 1998 
American Institute of Physics. [S0021-8979(98)25311-4] 

INTRODUCTION 

Polymer-bonded Terfenol powder composite materials 
are the focus of increasing attention1"4 for applications at 
higher frequencies than are possible with bulk Terfenol. 
There does not, however, appear to be any published work 
aimed at investigating the dependence of the magnetome- 
chanical properties of these materials on composition param- 
eters. The present work, which forms part of a program de- 
signed to elucidate the variation of properties with particle 
size and volume fraction, reports results for the magnetome- 
chanical coupling coefficient (k) and elastic moduli at con- 
stant H and constant B (EH and EB, respectively). 

EXPERIMENT 

The composite samples were prepared from Terfenol 
powder in five particle-size ranges (106-150, 150-212, 
212-300, 300-500, and 500-710 /jm) each in three volume 
fractions (nominally, 55%, 62% and 70%) with epoxy 
(Araldite AY103/HY951) as the binding material. For each 
composition, two rectangular samples, of size 50 X10 
X 7 mm, were prepared using a cold compression-moulding 
technique under pressures of 20-150 MPa applied to the 
largest-area face of the samples. The range of volume frac- 
tions used was limited by the difficulty of maintaining uni- 
formity for lower concentrations and of avoiding porosity for 
higher concentrations. 

Static and dynamic magnetomechanical properties were 
measured at room temperature, with zero stress bias. The 
bias field, which was provided by an electromagnet, was ap- 
plied along the long axis of the sample, which was also the 
direction of measurement. EH and EB were determined from 
the resonance and antiresonance frequencies (/max and/min), 
respectively, which were obtained from the frequency depen- 
dence of the magnitude of the electrical impedance of a 70- 
turn coil around the sample. 

The coupling coefficient k was evaluated by three meth- 
ods: 

(a) from /max and f^n using 

*=\/l- 
f±_ 
J mm 

max 

min 
(i) 

(b) from analysis of the complex impedance loop, 
(c) by the "three-parameter method" using 

[4EH 
(2) 

where da and fiv are the dynamic d coefficient and perme- 
ability, respectively, and EH, was obtained from /max. All 
the properties were determined as functions of the bias field. 

RESULTS AND DISCUSSION 

The variation of EH and EB with the bias field and the 
associated k dependence [from Eq. (1)] are shown in Figs. 1 
and 2, respectively, for the sample having a particle size of 
300-500 /mm and 64% volume fraction. This bias-field de- 
pendence, in which EH decreases to a minimum value at the 
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bias field corresponding to maximum k and then increases, 
was typical of all samples. The values of EH found here are 
similar to those obtained by Sandlund et al.' The negative 
AE effect was also observed in earlier work,1'3 although the 
positive Ais at higher bias fields was not reported and Ruiz 
de Angulo et al? also observed a much more flat dependence 
of k on the bias field. The form of behavior found here, apart 
from the negative AE region, is more reminiscent of that for 
bulk Terfenol. 

A more detailed comparison between the present work 
and the earlier publications is difficult because information 
on particle size is not given in Sandlund et al.l and in Ruiz 
de Angulo et'al? it was "less than 125 /mi." It is likely that 
a wider range of particle size, in each sample, was used in 
the earlier work. Furthermore, the volume fractions em- 
ployed here are probably lower than in the earlier work and it 
is not possible to compare the properties of the binders used. 

The dependence of EH (at the bias field for maximum k) 
on volume fraction (VF) is given in Fig. 3 where the solid 
lines represent the limiting theoretical values of the modulus 
given by the models of Ravichandran,5 calculated using the 
manufacturer's value of 2.7-3.3 GPa for the modulus of the 
epoxy and 70 GPa for bulk Terfenol. Although the depen- 
dence of EH on VF is weak, it is clear that within experimen- 

0.4 0.6 

Volume Fraction, V 

FIG. 3. The variation of EH with volume fraction for all samples. 

tal uncertainty there is good agreement with the model, 
which gives values very different from a linear interpolation. 
No systematic dependence of EH on particle size was found. 

Figure 4 shows the dependence of the maximum value 
of k (which occurs at a bias field of about 60 kA m~' for 
each sample) on VF and clearly, within the experimental un- 
certainty, fcmax is independent of VF. Similarly, no system- 
atic dependence on particle size was observed. 

The average value for kmm obtained using Eq. (1) was 
0.26, while Eq. (2) and the complex impedance loop, which 
we believe generally provide the more accurate measures of 
k, gave an average value of 0.15. This value for k is consid- 
erably smaller than that reported by Sandlund et al.' al- 
though it is not clear, in the latter case, whether a dynamic 
value for the d coefficient was used, as in our work, with Eq. 
(2). Our measurements show that incremental d coefficients, 
obtained from static magnetostriction curves, are at least a 
factor of 2 greater than the dynamic values obtained by al- 
ternating excitation. 

In modeling the dependence of k on VF we consider the 
VF dependence of the three parameters in Eq. 2. Our mea- 
surements of static properties indicate that the saturation 
magnetostriction is independent of VF in the range used and 
that the magnetization varies in proportion to VF. We, there- 
fore, take the dynamic susceptibility x to be proportional to 
VF and this is confirmed by our experimental 
measurements.7 The ratio dl\ is a function of the magneti- 
zation process and \SM/MS only6 and we assume that the 
magnetization process does not vary with VF. This leads, 
with the above assumptions, to the prediction that d is inde- 
pendent of VF, which is again confirmed by our 
measurements.7 

Equation (2) then leads to 

!.2^/,2 (1 + Xi) 
(l + XiVF)' 

(3) 

where the subscript "1" refers to the values for a composite 
with VF=1, which we note will not be the values measured 
for bulk Terfenol, but rather for a hypothetical 100% dense, 
randomly orientated powder material. Our measurements7 of 
dynamic susceptibility give an extrapolated value of X\ 
= 1.4 and taking (EIE\) from Fig. 3 into Eq. (3) with k1 
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=0.5 leads to a predicted dependence for k shown by the 
solid line in Fig. 4. The model, therefore, predicts that fcmax is 
virtually independent of VF in the range used, in agreement 
with the experimental results within experimental uncertain- 
ties. 

The low value of fcmax measured (and predicted) for our 
materials can be seen from Eq. (3) to be due principally to 
the low modulus ratio (EIE{) which, in turn, arises from the 
low elastic modulus of the epoxy. Use of a higher-modulus 
binder should, therefore, lead to an increase in kmm as well 
as an increase in the forces generated by the material.1 On 
the other hand, if the considerations which lead to Eq. (3) are 
valid, then increase in VF (within practical constraints) 
would not lead to a significant increase in k. 

The not-inconsiderable variations observed (Figs. 3 and 
4) in the measured properties for similar volume fractions 
and particle sizes arise, we believe, from two main sources: 
variations in the elastic modulus of the epoxy, due to the 
small quantities used in mixing the two components; and 
variations in the orientation of the magnetic particles. 

CONCLUSION 

It has been shown both experimentally and theoretically 
that the magnetomechanical coupling coefficient in these 

composites is essentially independent of both particle size 
and volume fraction and the relatively low value of the cou- 
pling coefficient has been shown to arise mainly from the 
low modulus of the epoxy binder. The elastic moduli are 
shown to be independent of particle size and to follow the 
model dependence on volume fraction. 
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First-principles theory of magnetoelastic coupling and magnetic anisotropy 
strain dependence in ultrathin Co films on Cu(001) 

A. B. Shick, D. L. Novikov, and A. J. Freeman 
Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208-3112 

The magnetoelastic coupling and magnetic anisotropy energy (MAE) of (i) an uncovered and (ii) a 
Cu-capped Co overlayer on Cu(OOl) are determined employing a self-consistent relativistic 
spin-polarized version of the total-energy full-potential linearized augmented plane-wave (FLAPW) 
method and the magnetic torque method. Layer-resolved contributions to the magneto- 
elastic coupling and MAE are obtained. We find surface magnetoelastic coupling coefficients to 
be positive for the Co layer and negative for the Cu substrate and cap layers. A substantial difference 
of magnetoelastic coupling coefficients for thin films as opposed to bulk is demonstrated, which 
causes a negative magnetostriction coefficient (A-ooi) for uncovered Co overlayer and a positive X^i 
for the Cu-capped Co overlayer on Cu(OOl). © 1998 American Institute of Physics. 
[S0021-8979(98)40611-X] 

Recent experimental investigations of ultrathin Co films 
on Cu(OOl) demonstrate the existance of a magnetoelastic 
coupling contribution to the magnetic anisotropy energy 
(MAE) due to tetragonal strain.1 Chappert and Bruno2 con- 
sidered a magnetoelastic strain relaxation contribution to the 
surface MAE due to interfacial dislocations, and pointed out 
that homogeneous strain does not contribute to the surface 
MAE. However, O'Handley and co-workers3 found a mag- 
netoelastic homogeneous strain contribution to the surface 
MAE which is caused by a substantial difference between 
magnetoelastic coupling constants for bulk and surface. The 
Neel pair-interaction model analysis4 and general group sym- 
metry considerations5 both show that in addition to bulk 
magnetoelastic coupling coefficients, surface magnetoelastic 
coupling coefficients must be introduced to describe true ul- 
trathin film magnetoelastic coupling. 

Here we report results for first-principles calculations of 
the surface magnetoelastic coupling constant and the magne- 
tostriction coefficient for an uncovered and a Cu-capped Co 
overlayer on Cu(OOl) in order to investigate quantitatively 
this reverse magnetostriction effect. The full-potential linear- 
augmented plane-wave (FLAPW) method6 is used to obtain 
self-consistent solutions of the Kohn-Sham-Dirac equations 
in terms of a second variation for SOC;7 the total-energy and 
MAE dependence on surface strain are employed to deter- 
mine the surface magnetoelastic coupling constant and mag- 
netostriction coefficients. We used a symmetric slab model 
consisting of (i) five Cu substrate layers and a pseudomor- 
phic Co overlayer on each side (Co/5Cu) for a Co overlayer 
on Cu and (ii) three Cu substrate layers and Cu-capped Co 
overlayers on each side (Cu/Co/3Cu) for the Cu-capped Co 
overlayer on Cu. The ideal fee structure with a lattice con- 
stant a = 6.83 a.u. is assumed for the Cu substrate layers 
while the vertical Co-Cu distance is varied as a parameter. 

The 55 special k points mesh in the irreducible part of 
the two-dimensional Brillouin zone (2D BZ) is used for the 
self-consistent calculations for the perpendicular spin quan- 
tization axis. Lattice harmonics with angular momentum / up 
to eight are used to expand the charge and spin densities and 

wave functions within the muffin-tin sphere. Self- 
consistency is achieved to within 1X 10~5 e/(a.u.)3 for 
charge and spin densities. 

The MAE is obtained by applying the "local force" 
theorem for spin-quantization axis rotation in the (110) plane 
and using the Hellman-Feynman theorem to calculate a 
magnetic torque T{6) (Ref. 8) at 0=TT/4 (where 0 is the 
angle between the spin-quantization direction and the surface 
normal) with 400 special k points in the 1/4 of the 2D BZ.9 

The use of magnetic torque allows us to calculate layer- 
resolved contributions to the total MAE. For comparison 
with earlier calculations, the calculated MAE (total and layer 
resolved) for Co/5Cu and Cu/Co/3Cu for the Cu(001) inter- 
layer distance (3.415 a.u.) is shown in Table I. The results 
obtained are in fairly good agreement with our previous 
calculations7 based on the "local force" theorem for spin- 
quantization axis rotation, with results of relativistic 
screened Korringa-Kohn-Rostoker (KKR) calculations10,11 

and with state-tracking calculations.12 

The strain tensor for Co/5Cu and Cu/Co/3Cu is 
assumed3 diagonal with in-plane strain e0 = exx=eyy=(aCa 

-aCo)/aCo and perpendicular strain ez=(/Co_Cu 
-'co-coV'co-co> where a and I are the lattice constant and 
interplanar distance, respectively. For a given in-plane strain, 
say e0=1.9%, the calculated ground-state relativistic total 
energy (Etot) and MAE versus ez are shown in Fig. 1 for 
Co/5Cu and in Fig. 2 for Cu/Co/3Cu. 

For Co/5Cu the results indicate a good linear depen- 
dence of the MAE on ez (cf., Fig. 1), in agreement 
with previous non-self-consistent SOC-second-variation 
calculations.13 As follows from the layer-by-layer "MAE" 
decomposition (cf., Fig. 1), the Co-layer contribution to the 
total MAE (ez) is dominant compared with the Cu substrate 
contribution. For Cu/Co/3Cu the results again show that the 
MAE (ez) (cf., Fig. 2) is well approximated by a linear de- 
pendence. The deviation from linearity is less than 0.05 meV 
and does not allow us to perform a rigorous quantitative 
treatment of nonlinear magnetoelastic effects. There is an 
increase in the absolute value of MAE with an increase of 
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TABLE I. The uniaxial surface MAE (meV/atom) for Co/5Cu and Cu/Co/ 
3Cu (total and Co, Cu ML resolved) with the unrelaxed Cu(OOl) interlayer 
distance (3.415 a.u.) calculated by the magnetic torque method (T) in com- 
parison with results of "local force" (LF) theorem for spin-quantization 
axis rotation and "state-tracking" (ST) method. 

FCap Cu 

"Reference 7. 
bReference 10. 
"Reference 11. 
dReference 12. 

LFa LFb' 

-0.395 
-0.44 
0.045 

0.70 
0.02 
0.68 
0.0 

Co/5Cu 
-0.46 -0.38b 

-0.42° 

Cu/Co/3Cu 
0.83" 
0.08 
0.67 
0.08 

ST1 

-0.38 

Pi 

a -0.240 

FIG. 2. Ground-state all-electron total energy (left scale) and the MAE [total 
(circle), Co (square), Cu (diamond)] (right scale), as a function of perpen- 
dicular strain e, for Cu/Co/3Cu. 

strain \ez\ for the Cu/Co/3Cu case which is mainly due to the 
Co-layer contribution (cf., Fig. 2) while for Co/5Cu the ab- 
solute value of MAE decreases with an increase of \ez\ (cf., 
Fig. 1). The Co-layer contributions to the MAE (ez) for Co/ 
5Cu and Cu/Co/3Cu are calculated to be dominant (cf., Figs. 
1 and 2). 

The uniaxial MAE of strained Co/5Cu and Cu/Co/3Cu is 
given by,3 

Bs, 
E=-B\{eL-eü)- — {eL-e0)+- 

2K0 
(1) 

where B \ and B \ are volume and surface components of the 
magnetoelastic coupling coefficient,3 K2 is the uniaxial sur- 
face magnetocrystalline anisotropy constant, and t is the 
magnetic layer thickness. Then, K2, volume (£^E) 

and sur- 
face (ES

ME) magnetoelastic energy contributions, and the to- 
tal surface MAE (Es) (cf., Table II) are calculated using the 

< 
-0.212 

.               1 I   ■   '   ' ! ; 

Co/5Cu /'- 

-0.213 /      ■ 

>> -0.214 
■ 

„ 

-0.215 

_. 

■ 
cT 

-0.216 [ " 

-0.217' 

-0.218 i 
iii.l 

; , 

-0.040 

e 

FIG. 1. Ground-state all-electron total energy (left scale) and the MAE [total 
(circle), Co (square), Cu (diamond)] (right scale), as a function of perpen- 
dicular strain e. for Co/5Cu. 

MAE dependence on ey , the equilibrium e± (cf., Figs. 1 and 
2), and the experimental value of B\ for fcc-Co (—1.12 
meV/atom).14 

As given in Table II for the total MAE there is fairly 
good agreement with the results of Ref. 15 for the Co/5Cu 
case and only qualitative agreement for the Cu/Co/3Cu case. 
The substantial disagreement between our results and those 
of Ref. 15 arises from the lack of a volume uniaxial MAE 
contribution in Ref. 15. As pointed out in Ref. 1, the absence 
of this contribution contrasts with the experimentally ob- 
served tetragonal distortion in Co films. 

For the Cu/Co/3Cu we found MAE to be positive, in 
disagreement with the negative MAE measured in Ref. 16 
for ultrathin Co/Cu(001) films (with more than 3 Co layers) 
covered by ten overlayers of Cu (cf., Table II). This dis- 

TABLE II. The equilibrium perpendicular strain (ez, %), total and Co and 
Cu layer-resolved surface magnetoelastic coupling coefficients (B\, meVY 
atom), the uniaxial surface MCA's (2K2, meV/atom), volume magnetoelas- 
tic energies (EME , meV/atom), surface magnetoelastic energies (ES

MB, meV/ 
atom), total surface magnetic anisotropy energies (Es, meV/atom), and 
MAE at the equilibrium ez. 

«± B\ 2K2 T7V 
F* Es MAE 

Co/5/Cu 
-8.09 2.10 -0.41 -0.11 0.21 -0.20 -0.32 

g 2.13(Co) -0.45 -0.11 0.215 -0.235 

< -0.04(Cu) 0.045 0.00 0.045 
Ref." -0.375 0.00 -0.375 -0.375 

Cu/Co/3Cu 
-8.23 0.44 0.70 -0.11 0.045 0.745 0.635 

0.54(Co) 0.68 -0.11 0.055 0.735 
-0.17(Cu) 0.02 -0.02 0.00 

Ref.a 0.12 0.00 0.12 0.12 
Ref.b -0.07 -0.20 -0.27 
Ref.c -0.01 

"Experiment (Ref. 15). 
bExperiment (Ref. 16). 
'State-tracking results for 2Cu/Co/2Cu slab (Ref. 12). 
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agreement may be due to the recently demonstrated results 
that there are strong oscillations in MAE (from positive to 
negative) for the unrelaxed Cu/Co/Cu(001) system as a func- 
tion of the number of Co overlayers in the ultrathin film 
limit, and MAE is positive for one Co layer. 

The surface magnetoelastic coefficients (cf., Table II) 
are calculated to be positive for both Co/5Cu and Cu/Co/3Cu 
and we found a surface magnetoelastic contribution to MAE 
from the Co layer to be significantly smaller for Cu/Co/3Cu 
than for Co/5Cu. Surprisingly, the surface magnetoelastic an- 
isotropy estimated in Ref. 4 on the basis of the strain- 
dependent Neel model (0.07 meV/atom) and experimental 
data16 is in quite reasonable agreement with the result of our 
calculation (0.045 meV/atom). The magnetostriction coeffi- 
cients, X001, were calculated by making use of magnetoelas- 
tic theory (with e0 fixed by the substrate), and are -4.4 
X10"5 for Co/5Cu and 1.5X10-5 for Cu/Co/3Cu, respec- 
tively. Both of the calculated values of km differ from the 
bulk value for fcc-Co [1.3X10-4 Ref. 14] due to surface 
contributions to magnetoelastic coupling coefficients. 

Finally, in addition to the uniaxial surface MCA contri- 
bution [i.e., the 2K2/t term in Eq. (1)], the magnetoelastic 
surface contribution to the uniaxial surface MAE has to be 
considered. The linear MAE dependence on perpendicular 
strain (ez) (cf., Figs. 1 and 2) yields a qualitative similarity 
between first-principles theory and the phenomenological 
strain-dependent Neel model.4 The calculated values of the 
surface magnetoelastic coupling coefficient B\ for Co/ 
Cu(001) and Cu/Co/Cu(001) are positive (cf., Table II) and 
cause the difference between ultrathin film effective magne- 
toelastic coefficient and it's value for bulk fcc-Co. 
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Effects of heteroepitaxial strain on Laves phases TbFe2 and DyFe2 

M. Hutha) and C. P. Flynn 
Department of Physics and Materials Research Laboratory, University of Illinois at Urbana-Champaign, 
1110 West Green Street, Urbana, Illinois 61801 

(110) oriented growth was observed for thin films of the highly magnetostrictive Laves phases 
TbFe2 and DyFe2 on Ta (110). On Nb (111), TbFe2 nucleates in the (111) orientation. Depending 
on the substrate temperature during growth, varying degrees of residual tensile strain were observed 
in the films. For TbFe2 grown on Ta (110) at 680 °C, x-ray diffraction revealed a splitting of the 
(220) Bragg reflection into a strain free component structurally coherent with the template, and a 
component with 0.5% biaxial tensile strain at room temperature. This strained component can be 
attributed to the difference in thermal expansion between the sapphire substrate and the TbFe2 film. 
Magnetic hysteresis measurements revealed that the axis of easy magnetization lies in the film plane 
for both (110) and (111) oriented samples. © 7998 American Institute of Physics. 
[S0021-8979(98)25411-9] 

Cubic Laves phase compounds of the type RFe2 (R: rare 
earth) offer several materials of interest in both applied and 
basic research. An example with possible applications is 
highly magnetostrictive TbFe2, epitaxially grown on a piezo- 
electric substrate, which holds promise for delay lines in sur- 
face acoustic wave devices.1 These cubic compounds possess 
highly symmetric structures with 24 atoms in the conven- 
tional unit cell. Therefore they represent valuable model sys- 
tems for the study of thin film growth applied to systems of 
moderate complexity. The ability to tailor specific aspects of 
the film properties, like the magnetic anisotropy by choice of 
specific growth conditions is the critical requirement for se- 
rious attempts to optimize these systems for specific applica- 
tions. 

Here we report investigations of the structural properties 
of thin epitaxial TbFe2 and DyFe2 films grown under various 
conditions and the influence of structure on their magnetic 
properties, with the main emphasis on TbFe2. The film 
growth was performed in a Perkin Elmer 430 molecular 
beam epitaxy (MBE) system with a base pressure of 
6X10"11 Torr. Sapphire substrates in (1120) a-plane or 
(0001) c -plane orientations were cleaned with basic and or- 
ganic solvents and then annealed for one hour in vacuum at 
1000 °C. Buffer layers of bcc refractory metals were then 
deposited by electron beam evaporation onto the heated sub- 
strates. Ta(110) was grown on the sapphire a-plane at 
1000 °C, and Nb (111) was grown on c-plane sapphire at 
750 °C. The growth rates were kept in the range 0.2 A/s to 
0.3 A/s for a typical thickness of 400 Ä. During this buffer 
layer growth the pressure increased to about 2X 10~9 Torr. 

The samples were next cooled to the range 450-680 °C 
for deposition of TbFe2 or DyFe2 at a growth rate of 0.2 Ä/s 
for a film thickness of 400 Ä to 1000 Ä in a background 
pressure of about 8X10~U Torr. TbFe2 and DyFe2 were 
grown in (110) orientation by using a Ta (110) buffer layer 
as template for nucleation of the desired orientation. On Nb 
(111), TbFe2 nucleated in the (111) orientation. The Fe and 

"'Electronic mail:mhuth@uiuc.edu 

Tb were sublimed from high temperature effusion cells using 
high purity alumina and tantalum liners, respectively. With 
its higher vapor pressure, Dy allowed the use of a conven- 
tional effusion cell with BN liner. The Fe to Tb/Dy rate ratio 
was monitored using a quadrupole mass spectrometer and 
kept constant within ± 3% of the nominal stoichiometry of 
2:1. This mass spectrometer was calibrated by an indepen- 
dent measurement of film stoichiometry by Rutherford back- 
scattering (RBS) with 2 MeV 4He at an incidence of 15° 
with respect to the film normal. The film structure was in- 
vestigated in situ by reflection high-energy electron diffrac- 
tion (RHEED) and ex situ by x-ray diffraction on a two- 
circle diffractometer in the Bragg-Brentano geometry using 
Cu Ka radiation. 

Oderno et al.2 have shown that DyFe2 and TbFe2 (110) 
can be grown on Nb (110) buffer layers. In their work, the 
best results were obtained by preparing a 10-30 Ä thick Fe 
seed layer, prior to the deposition of the Laves phase. The 
initial nucleation was described as three-dimensional sug- 
gested by RHEED investigations. Mosaicity could not be 
reduced below 1° for the (220) Bragg reflection.2 Our 
RHEED investigations of the direct growth of DyFe2 (110) 
on Ta (110) suggest two-dimensional nucleation, evolving 
into a rough three-dimensional surface after two to three 
monolayers and smooth again after a continuous film forms. 
Here we report that a mosaic spread as low as 0.04° could be 
observed without the use of an Fe seed layer. This corre- 
sponds to the resolution limit of the x-ray diffractometer and 
the line shape typically reflects the rocking curve of the Ta 
(110). The same results were obtained for TbFe2 (110) 
samples, and is shown in Fig. 1(c). However, for TbFe2 on 
Ta (110) the initial two-dimensional character of the film 
surface did not recover for films up to 1000 Ä thick as evi- 
denced by spot-like intensity enhancements superimposed on 
the observed RHEED streaks. 

The crossover from the pseudomorphic two-dimensional 
to three-dimensional growth in the early nucleation stage 
most probably arises from the large lattice misfit (10%) be- 
tween the Ta and Laves phase (110) surfaces, which causes 
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FIG. 1. (a) TbFe2 (220) Bragg reflection for 850 Ä thick films grown at 
various substrate temperatures indicated. The sharp peaks at 34° are caused 
by the Cu Kß satellite of the sapphire (110) reflection, (b) Rocking curve of 
the Ta (110) reflection, (c) Rocking curve of the TbFe2 (220) reflection. The 
TbFe2 film was grown at 560 °C. 

the critical strain state to be exceeded after less than three 
monolayers. This growth behavior was insensitive to the sub- 
strate temperature during growth. However, x-ray analysis 
revealed a clear dependence at room temperature of the re- 
sidual tensile strain in the film plane on the growth tempera- 
ture. Two effects were observed. First, with increasing 
growth temperature at 7>600 °C the (220) TbFe2 reflection 
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FIG. 2. (Ill) Bragg reflection and rocking curve (inset) of 400 Ä thick 
TbFe2 grown on Nb (111). 
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FIG. 3. Magnetic hysteresis of TbFe2 films grown on (a) Ta (110) at 560 °C, 
(b) Ta (110) at 680 °C, and (c) Nb (111) at 520 °C. All measurements were 
performed at room temperature. 

splits into two components with a clear separation between 
two peaks for a film grown at 680°C [see Fig. 1(a)]. The low 
angle peak corresponds to a strain free film. The Ta (110) 
Bragg peak also suggests an essentially strain free template 
and the strong similarity of the rocking curves of the Ta 
(110) and TbFe2 (220) reflection, both resolution limited, 
points clearly to the structural coherence between the buffer 
and the Laves phase epilayer. Second, the high angle com- 
ponent shifts towards increasing tensile strain in the film 
plane with higher growth temperature. The cause of the ten- 
sile strain may relate to the difference in the thermal expan- 
sion coefficients of sapphire and TbFe2 since the large lattice 
misfit strain can be assumed to be compensated by disloca- 



J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 M. Huth and C. P. Flynn        7263 

tion formation in the early stages of the film growth. The 
difference in thermal expansion can account for a tensile 
biaxial strain in the (110) plane of 0.5% at room temperature 
for a film grown at 680 °C.3 This is compatible with the 
observed 1% decrease of the d value for the (110) planes. 
The rocking curve width of this (220) component extends 
over several degrees. In order to create the observed strain- 
free Ta template and TbFe2 epilayer at room temperature, the 
clamping effect of the substrate must be neutralized either by 
a compressive strain formed during growth or by a large 
increase of dislocations formed in the Ta buffer layer and 
part of the TbFe2 film. In addition, the buffer layer partly 
alloyed with the Laves phase and RBS reveals a small inter- 
diffusion in the interfacial region. This can also explain the 
observed saturation moment, which is only 70% of the ex- 
pected magnetization of 800 emu/cm3 for TbFe2 at room 
temperature,4 as evident in Fig. 3(b). 

TbFe2 (111) was grown on Nb (111). The very low sur- 
face free energy of the Nb (110) surface causes facets to 
form on the (111) Nb surface and results in a reduced struc- 
tural quality of this template, compared to Ta (110) buffer 
layers. A strong tendency towards highly ordered TbFe2 

(111) phase formation was nevertheless observed. As shown 
in Fig. 2 the (111) reflection separates into a two-component 
line shape with a sharp Cu £al/af2-split Bragg component on 
a broad background. The rocking curve of the sharp compo- 
nent is resolution-limited even though the Nb (222) rocking 
curve width is 0.41°. This suggests an intrinsic (111) growth 
preference for TbFe2, which is corroborated by the fact that 
on Mo (110) and W (110), (111) growth was indeed 
observed.5'6 

Finally, we mention the results of magnetic measure- 
ments on these samples. Demagnetization effects were ac- 
counted for by calculating the effective field 
Het(=H-4TrN-M with the demagnetization factor iV equal to 
0 and 1 for measurements with the applied field H in the 
plane and perpendicular to the plane of the films, respec- 
tively. As shown for TbFe2 (110) and (111) in Fig. 3, the 
hysteresis curves suggest that the axis of easy magnetization 
lies in the film plane. Similar results were obtained for (110) 
DyFe2 films on Ta (110). The qualitative characteristics of 
the hysteresis curves showed no temperature dependence in 
the range of 5 to 300 K. For an applied field in the film 
plane, the magnetization is reduced by coherent domain ro- 

tation during reduction of the field from the saturated regime. 
At zero field the magnetization drops sharply followed by a 
step like feature. This magnetization characteristic probably 
arises from the magnetic anisotropy energy which favors the 
(111) axes of TbFe2 bulk samples. Due to the form anisot- 
ropy the in-plane [ 111 ] direction of the TbFe2 (110) plane or 
the (111) directions 20° off the film plane for TbFe2 (111) 
are energetically prefered. Wang et al.,5 who observed a 
comparable magnetization drop for TbFe2 (111) sputtered on 
W (110) buffer layers, suggest that the system has magnetic 
properties caused by interface reactions. They assumed a 
constant thickness of 10 nm for a soft magnetic material in 
the interfacial region causing a significant magnetization 
drop for thin films only. Our results do not support the same 
conclusion for films grown on Ta at low enough temperature 
to avoid interdiffusion. In these samples the saturation mo- 
ments were close to the expected value of 800 emu/cm3 at 
room temperature and the magnetization drop occurred inde- 
pendent of the thickness of the films. Possible magnetic 
anisotropies in the film plane were not investigated. 
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Multilayers composed of alternate layers of iron-rare earth and Fe or FeCo alloys feature a high 
magnetostriction at low external fields and a coercive force as low as 5 mT. The coercive fields of 
as sputtered multilayers are significantly higher than that and the low values are attained after an 
anneal at 473 K. Since the hysteresis remaining after the heat treatment might be of 
magnetomechanical origin it is of interest to investigate the dynamic magnetomechanical 
characteristics of this class of multilayers. Experiments on multilayers of the composition (7 nm 
FeTb)/(8 nm/Fe) show a pronounced magnetomechanical damping maximum and an attendant 
decrease of Young's modulus upon annealing. Both occur in the vicinity of the coercive field. Their 
evolution as a function of the annealing and magnetic field will be described and it will be shown 
that they reflect an instability principally caused by the magnetomechanical interaction of the 
component layers of the multilayer. © 1998 American Institute of Physics. 
[S0021-8979(98)40711-4] 

INTRODUCTION 

This article addresses instabilities in giant magnetostric- 
tive, GMA, multilayers. GMA films have attracted attention 
in view of their potential applications as microactuators. 
Amorphous films of rare-earth metals can be prepared such 
that only the shape anisotropy remains.1'2 However, they dis- 
play a low Curie temperature limiting their usefulness. Crys- 
talline or microcrystalline GMA single-layer films have a 
higher Curie temperature but are characterized by a large 
coercive force which is equally detrimental. Nanocrystalline 
single layer GMA, finally, have a small coercive force but 
are to a large extent superparamagnetic.3 All desirable prop- 
erties of GMA films, giant magnetostriction, high Curie tem- 
perature, large saturation magnetization, and low coercive 
force can be obtained by preparing suitable film composites 
and utilizing the multilayer concept developed in the late 
1990s.4-7 The low coercive force may be understood to be a 
consequence of a rotational instability which might occur 
when, in response to an increasing external field the magneti- 
cally hard component of the multilayer, FeTb, suddenly 
adapts its orientation to the one of the magnetically soft com- 
ponents, Fe or FeCo. In GMA films a sizable strain accom- 
panies the evolution of the magnetization. Therefore it must 
be expected that the magnetic instability is accompanied by 
an internal friction maximum. This article, then, reports on 
such an internal friction maximum which occurs at the steep- 
est part of the magnetization curve and interprets it in terms 
of a magnetomechanical instability. 

MODELING 

It has been proposed that the large and sharp damping 
maximum at a critical field oriented perpendicularly to the 

film surface occurring in amorphous Terfenol-D single-layer 
films is the signature of a magnetomechanical instability.8 

The basis of the interpretation was a model free energy con- 
sisting of the sum of the magnetostatic, magnetoelastic, and 
elastic energies. A similar free energy may form the basis for 
the modeling of a magnetomechanical instability in a double 
layer, the elementary constituent of multilayers. Such a free 
energy will consist of three terms, the magnetoelastic, mag- 
netostatic, and elastic energies. The magnetic properties of 
the multilayer can be understood in terms of the average 
magnetization and average magnetoelastic coupling con- 
stants of the component layers.7 Hence a model free energy, 
4>, is given by 

<£(£,cr) = -(l+ä)cos2(£)-/! sin(£) + |M 0) 
The energy <f>, applied stress a, and the compliance j, are 
normalized as $/(\cr;), ala^ and Jatl\. The normalized 
field is given by the parameter h = MsH/(Xa-j). The quanti- 
ties X, o-,, Ms, and J represent the average magnetostrictive 
strain, internal stress, saturation magnetization, and compli- 
ance. The quantity H is the external field. No demagnetiza- 
tion field has been included since only in-plane magnetiza- 
tion is considered. 

The minimum of the energy (1) is located at ij0,ä0, 
which are solutions of <?</>/<?£= d(f>/dä= 0. The quadratic ex- 
pansion   of   the   energy   A0(£,ö-) = 0(£,ö)-0(£o,öb) 
around this minimum is given by 

A0(£a) = 
\d24> 

T(Z-Z0Y+ 2 dg 

id24> 

d2d> 
(£-&)(*-°o) 

^o)2. (2) 

a) Summer intern from Ecole des Mines d'Ales. 

The cross term can be eliminated by the transformation 

E = (f-£o)cos(0) + (5-5b)sin(0), 
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FIG.    1.    Isopotential   contours   of   the   magnetomechanical   potential 
(1) at four different values of the externally applied field h. 

2 = -(f-&)sin(0) + (o-ab)cos(0), 

where 

2sin(2£0) 
tan(20) = 

(3) 

2(l + o-0)cos(2£0) + /* sin(f0)-j" 

The result of the transformation is the potential 

in which the second derivatives d2b.^lS%2 and d2A(f>/da2 

represent the generalized magnetoelastic compliance and 
susceptibility. The generalized compliance becomes zero at a 
critical field hc given by 

hr= 
sin2(2£c)-2y(l + ^c)cos(2£c) 

7 sin(^c) 

in which equation the critical coordinates £c and crc are 

//+l" i-2 sm(^c)=±y7-^-, - 

(4) 

0"c= 

Ar=± -r~V— (5) 

Isopotential lines for the potential (1) for 7 = 0.5 are pre- 
sented in Fig. 1 for various values of the field h. It can be 
seen from the figure that the two pairs £, 0, cr0 represent an 
extremum. At h = hc the potential displays a saddle point 
signaling an instability. 

An expression for the internal friction as a function of 
the external field h can now be found. Physically, the inter- 
nal friction, Q~l, is the relative loss of mechanical energy, 
W, SW/W per oscillatory cycle,9 

SW     §crde 
2irQ~l = - 

W    1/2/0-2' 
(6) 

FIG. 2. Experimental schematic. 

Thus in terms of the generalized magnetoelastic compliance 
it may be written as 

Q-\h)* 
d2Acß 

dZ2 (h) (7) 

It follows that in the linear approximation of Eq. (2) 
ö"1(''c)_*co> i-e-' a sharp maximum of the internal friction 
will occur as the magnetization becomes unstable with re- 
spect to the applied field. 

EXPERIMENTAL RESULTS 

Multilayers of the configuration (7 nm FeTb)/(8 nm Fe) 
were sputtered10 on micromachined Si cantilevers. The dy- 
namic mechanical properties of the composite Si/(7 nm 
FeTb)/(8 nm Fe) cantilever were determined as described 
before.11 The sample configuration is also sketched in Fig. 2. 
The magnetic data were taken with a vibrating sample mag- 
netometer (VSM). All data are room-temperature data. An- 
nealing of the cantilevers was performed in high purity ar- 
gon. Figures 3 and 4 contain the key experimental results. 
They show that the damping displays a maximum at the field 
where the change of the magnetization is greatest, approxi- 

3  3 

CD 

a 0 

ff-3 
5 

i 

a.^^^^Ss^^^^y 

1 

-2.0 -1.0 0 1.0 
Magnetic Field ( kOe) 
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FIG. 3. Magnetization curves of the (7 nm FeTb)/(8 nm Fe) multilayers in 
different states of heat treatment, DOD as deposited, ■■■ 30 min at 
171 °C, 00 0 additional 30 min at 220°C, ••• additional 30 min at 
270 °C. 
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FIG. 4. Magnetomechanical damping of a Si/Si02/(7 nm/FeTb)/(8 nm/Fe) 
cantilever as a function of an externally applied field applied directed per- 
pendicularly to the length of the cantilever and the direction of the flexural 
vibrations. The different states of heat treatment are, ••• as deposited, 
■■■ 30 min at 171 °C, 0 0 0 additional 30 min at 220 °C, OOO addi- 
tional 30 min at 270 °C. 

mately the coercive field which decreases as the annealing 
temperature increases. The damping maximum is more pro- 
nounced in the annealed samples showing a steeper change 
of the magnetization. It is proposed that both phenomena are 
a consequence of the observed changes of the state of stress12 

upon annealing. 

DISCUSSION 

Generally, domain wall nucleation and motion precedes 
rotation of the magnetization as saturation is approached, 
i.e., the transition from one poled state to its opposite re- 

Wuttig ef a/. 

sembles a first-order transition whereas the formalism pre- 
sented above applies only to a second-order transition. This 
apparent difficulty can be resolved by noting that, contrary to 
experiments determining m(h), the present internal friction 
experiment determines the stress-induced change of the mag- 
netization as a function of an external biasing field. Obser- 
vations of the evolution of the domain structure in the inves- 
tigated multilayers as a function of the externally applied 
magnetic and stress fields will further clarify this point. 
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Magnetostrictive multilayer films which combine exchange coupled giant magnetostrictive 
materials (amorphous Tb0.4Fe06) and soft magnetic materials with large polarizations and 
considerable magnetostriction (crystalline Fe0.sCo0 5) were prepared by magnetron sputtering. The 
microstructure and the magnetic properties of these multilayers were investigated as a function of 
the annealing temperatures and the corresponding film stresses. Giant magnetoelastic coupling 
coefficients (or magnetostrictions) are achieved at low fields, due to the magnetic polarization 
enhancement in such multilayers, the optimized stress state, and a suitable microstructure. For these 
optimized Tb0.4Fe0 6(7 nm)/Fe0 5Co0.5(9 nm) multilayers a saturation magnetoelastic coupling 
coefficient of 27.5 MPa at 20 mT and a coercive field of 2 mT has been achieved. © 1998 
American Institute of Physics. [S0021-8979(98)40811-9] 

I. INTRODUCTION 

Interest in giant magnetostrictive thin films has rapidly 
grown over the past few years due to their potential as pow- 
erful transducers for microactuators. Special features of mag- 
netostrictive thin films in comparison to other smart materi- 
als in thin film form based on piezoelectric or shape memory 
effects are their remote control operation, their simple actua- 
tor layout, and low temperatures during fabrication being 
compatible to batch fabrication processes in the field of mi- 
croelectronics and microelectromechanical systems 
(MEMS). 

Research on these magnetostrictive materials concen- 
trates on reducing the necessary driving magnetic fields. The 
most prominent approaches to date have been based on 
amorphous films of the system Tb-Dy-Fe-Co with a total 
rare-earth content of 33-45 at. %} 

An alternative, very promising approach uses the com- 
bination of these amorphous giant magnetostrictive films and 
a nanocrystalline soft magnetic material with very high mag- 
netic polarization in a multilayer arrangement. Giant magne- 
tostriction at very low driving magnetic fields has been ob- 
tained for these multilayer materials, provided that the layers 
are thinner than the magnetic exchange length in order to be 
magnetically coupled. In this case the enhanced magnetiza- 
tion and the reduced anisotropy due to the soft magnetic, 
high polarization material introduced in the multilayer struc- 
ture results in a decrease of the magnetic saturation field 
which is proportional to the ratio of the anisotropy and the 
saturation magnetization.2 Using this approach, magnetoelas- 
tic coupling coefficients of 20 MPa at 20 mT for TbFe/Fe 
and of 28 MPa at 20 mT for TbFe/FeCo multilayers are 
obtained.3 

In this paper, the effects of annealing processes and the 
individual layer thicknesses of Tbo.4Fe0.6/Fe05Co05 multilay- 
ers on the microstructure and the film stress are discussed in 
view of the corresponding magnetic and magnetostrictive 

properties. The TbFe/FeCo multilayer system has been cho- 
sen for this study as amorphous TbFe exhibits the highest 
magnetostriction in amorphous single-layer films4 and FeCo 
combines both very high magnetization and high magneto- 
elastic coupling coefficients due to a saturation magnetostric- 
tion of X.s= 100X 10~6 and an effective Young's modulus of 
£7(l + i/) = 200GPa. 

II. EXPERIMENTAL DETAILS 

The TbFe/FeCo multilayers were magnetron sputtered 
onto Si {100} substrates using a modified Leybold Z 
550 device with composite-type targets (75 mm 0) and a 
rotary turntable technique in a stop- and go-mode with no 
intentional substrate heating. The base pressure was 
<5X10~5 Pa, the Ar sputtering pressure in all experiments 
was 0.4 Pa. The TbFe layers were dc magnetron sputtered 

FIG. 1. High-resolution TEM micrograph from an as-deposited multilayer 
showing the amorphous structure of the TbFe layers and the long-range 
lattice fringe contrast in the FeCo layers. 

0021-8979/98/83(11 )/7267/3/$15.00 7267 © 1998 American Institute of Physics 
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FIG. 2. Magnetic polarization of Tb0 4Fe0 6 /Fe0 5Co0 5 multilayers as a func- 
tion of the layer thickness ratio. The comparison to the theoretical behavior 
for spring-magnet type multilayers assuming both parallel and antiparallel 
coupling reveals the antiparallel coupling of the films. 

with a power of 150 W and an rf bias voltage of 220 V 
resulting in a deposition rate of 1.8 nm/s, while the FeCo 
films were deposited by rf magnetron sputtering with a 
power of 200 W and a deposition rate of 0.3 nm/s. These 
sputtering conditions lead to single-layer materials with in- 
plane magnetic easy axes. The polarization of the amorphous 
TbFe and the crystalline FeCo single layers were 0.35 and 
2.3 T, respectively. Within this investigation the TbFe and 
FeCo layer thicknesses were varied between 2-15 and 1-25 
nm, respectively. The total layer number was kept constant at 
141, the first and the last layer being of FeCo: Auger electron 
spectroscopy (AES) depth profiling has shown that the upper 
FeCo layer works as a protective layer against oxidation.5 

The microstructure of the films has been investigated by 
transmission electron microscopy (TEM) observation using a 
Jeol 3010 instrument. Specimens have been prepared in 
cross-section geometry by a combination of mechanical dim- 
pling and ion-beam thinning. The film stresses were calcu- 
lated by measuring the difference of the curvature of un- 
coated and coated Si {100} substrates using a laser 
interferometer. Young's modulus values for the multilayers 
were calculated from nanoindentation measurements at dif- 
ferent loads which have been extrapolated to zero indenta- 
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FIG. 4. Film stress for Tb04Fe06(7 nm)/Fe05Co05(8 nm) multilayers as a 
function of the annealing temperature for an annealing time of 45 min and as 
a function of the annealing time for an annealing temperature of 250 °C 
(inset) showing the change of film stress from compressive to tensile state 
both with temperature and time. 

tion depths in order to eliminate the substrate contribution.6 

The magnetic properties were measured by vibrating sample 
magnetometry (VSM). The magnetostriction was character- 
ized using the cantilevered substrate technique that allows 
the magnetoelastic coupling coefficient (b) to be determined 
from the bending of the substrate due to the magnetostriction 
(A.) in the film.7 The magnetoelastic coupling coefficient is 
defined by 

■KEf 

l + vf' 

with Ef and vy being the film's Young's modulus and Pois- 
son ratio, respectively. The parameter b is, on one hand, a 
significant material-dependent parameter characterizing thin 
film bending actuators and, on the other hand, independent of 
the elastic data of the films. 

TbFe/FeCo annealed at 280°C 
TbFe/FeCo as deposited 
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H H 
M)   ext 
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FIG. 3. Low-field magnetoelastic coupling coefficient for as-deposited and 
stress annealed (250 °C, 45 min) Tb04Fe06(7 nm)/Fe05Co0 5(8 nm) multilay- 
ers in comparison to an amorphous, stress annealed (250 °C, 45 min) 
Tbo4Fe06 single-layer film showing the significantly enhanced low-field 
magnetostriction especially for the stress annealed multilayer. 
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FIG. 5. Coercive (ßüHc) and saturation (ß0Hs) fields for 
Tb04Fe06(7 nm)/Fe05Co05(8 nm) multilayers as a function of the annealing 
temperature for an annealing time of 45 min indicating minimum values for 
the multilayer being annealed at 250 °C. 
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FIG. 6. High-resolution TEM micrograph from a multilayer being annealed 
at 250 °C showing the lattice fringe contrast in the FeCo layers and in some 
interfacial areas of the TbFe layers. 

III. RESULTS AND DISCUSSION 

The TEM micrographs of the as-deposited samples show 
clearly the high degree of layer periodicity and, at high mag- 
nification, contrast from lattice fringes is evident (Fig. 1). 
Such contrast from the FeCo layers shows that the orienta- 
tions of the grains are not random but, surprisingly, exhibit 
only a small number of variations and some of the layers 
contain crystallites with a lateral extent exceeding 100 /mm 
while the normal extent is limited by the layer thickness. The 
TbFe layers are mainly amorphous, though isolated areas 
throughout the multilayer show lattice fringe contrast sug- 
gesting nanocrystallization or local oxidation, possibly initi- 
ated during the specimen preparation. At other isolated areas 
there is some evidence of contrast variations associated with 
the interfaces between the layers, which is thought to arise 
from local thickness variations produced by specimen prepa- 
ration. 

The saturation magnetic polarization, measured as a 
function of the layer thicknesses, reveals the antiparallel cou- 
pling of the layers by comparison with the theoretical behav- 
ior for exchange-coupled multilayers assuming both parallel 
and antiparallel coupling (Fig. 2). This antiparallel coupling 
reflects the strong interaction and therefore parallel coupling 
of the transition metals in both layers, which leads to an 
overall antiparallel coupling due to the stronger Tb moments 
in the ferrimagnetic TbFe layer. Furthermore, the magnetic 
data show that for FeCo/TbFe layer thickness ratios higher 
than 0.5, the total magnetic saturation polarization can be 
significantly enhanced compared to the single layer film. 

Figure 3 exhibits not only the enhanced low field mag- 
netostriction of Tb0.4Fe0 6(7 nm)/Fe0 5Co0.5(9 nm) multilayers 
in comparison to an amorphous Tb04Fe06 single-layer film 
but reveals also the further enhancement in low field magne- 
tostriction of multilayers being annealed at 280 °C in order 
to release compressive stresses. This multilayer shows a 
saturation magnetoelastic coupling coefficient of 27.5 MPa 
with a saturation and a coercive field of 20 and 2 mT, re- 
spectively. Compared to these values the magnetoelastic 

FIG. 7. High-resolution TEM micrograph from a multilayer being annealed 
at 450 °C showing the absence of any amorphous phase TbFe. 

coupling coefficient of a state-of-the-art amorphous TbFe 
single-layer film approaches only 10 MPa in an external field 
of 20 mT with a coercivity of the same magnitude. The as- 
deposited multilayers were found to be under compressive 
stress (approximately - 300 MPa) leading to a perpendicular 
anisotropy while stress annealing at approximately 240 °C 
results in almost stress-free films and films being annealed at 
higher temperatures show tensile stress up to 700 MPa (Fig. 
4). As a result of the altered stress state, annealing leads to an 
in-plane magnetic easy axis with reduced values for the mag- 
netic saturation and coercive fields (Fig. 5) which are both 
determined by field-dependent magnetostriction measure- 
ments with the external field being applied parallel or per- 
pendicular to the long axis of the cantilever, but always par- 
allel to the film plane. While annealing at approximately 
250 °C results in an optimum in terms of low field magneto- 
elastic behavior, the multilayers being annealed at higher 
temperatures show again higher values for coercive and satu- 
ration fields. This result can be explained by the microstruc- 
ture of films, which in the case of an annealing temperature 
not higher than 250 °C (Fig. 6) shows only small changes, 
indicative of the onset of crystallization in the TbFe, com- 
pared to the as-deposited sample, while a multilayer being 
annealed at 450 °C reveals significant interdiffusion and total 
absence of any amorphous phase (Fig. 7). 
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Magnetic properties of amorphous Sm-Fe and Sm-Fe-B thin films 
fabricated by radio-frequency magnetron sputtering 
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Magnetic properties of giant magnetostrictive Sm-Fe and Sm-Fe-B thin films are systematically 
investigated over a wide composition range from 14.1 to 71.7 at. % Sm. The amount of B added 
ranges from 0.3 to 0.8 at. %. The microstructure mainly consists of an amorphous phase in the 
intermediate Sm content range from 20 to 45 at. %. Together with an amorphous phase, crystalline 
phases of Fe and Sm also exist at low and high ends of the Sm content, respectively. Well-developed 
in-plane anisotropy is formed over the whole composition range, except for the low Sm content 
below 15 at. % and the high Sm content above 55 at. %. As the Sm content increases, the saturation 
magnetization decreases linearly and the coercive force tends to increase, with the exception of the 
low Sm content where very large magnitudes of the saturation magnetization and the coercive force 
are observed due to the existence of the crystalline a-Fe phase. The coercive force is affected rather 
substantially by the B addition, resulting in lower values of the coercive force in the practically 
important Sm content range of 30-40 at. %. © 1998 American Institute of Physics. 
[S0021-8979(98)25511-3] 

Magnetic properties of amorphous Sm-Fe based alloys 
were previously investigated by many workers: for example, 
by Miyazaki and co-workers for thin films prepared by an 
evaporation method1 and for melt-spun ribbons;2 by Honda 
et al. for thin films fabricated by if magnetron sputtering;3 

more recently, by Seqqat et al. for thin films of Sm-Fe and 
Sm-Fe-B alloys and also for melt-spun ribbons of Sm- 
Fe-B alloys.4 Except for the results of Honda et al.,3 how- 
ever, the previous investigations are more concerned about 
basic magnetic properties of rare-earth-Fe alloys rather than 
the improvement of the magnetic softness pertinent to prac- 
tical applications of giant magnetostrictive materials. The 
present work is performed in a way similar to that of Honda 
et al.,3 but the effects of B are additionally examined and a 
more systematic investigation is carried out. The effects of B 
on magnetic and magnetostrictive properties of Tb-Fe based 
thin films were recently investigated by the present authors5'6 

and it was found that B affects magnetic properties substan- 
tially and also improves the magnetostrictive characteristics 
of the thin films. The effects of B on magnetostriction and 
other magnetic properties of Sm-Fe based alloys were pre- 
viously investigated for melt-spun ribbons produced by rapid 
quenching7 and amorphous bulks fabricated by high-speed 
sputtering.8'9 However, no attempts were made so far for 
Sm-Fe based thin films with the magnetostrictive applica- 
tions in mind. It is noted that Sm-Fe-B thin films were 
previously fabricated by Seqqat et al.,4 but the investigated 
films are not pertinent to magnetostrictive applications, since 
the amount of B is very high (20 at. %) and the Sm content 
is below 26 at. %, being below the optimum composition of 
30 at. % Sm.3'10 

a)Electronic mail: mmlshl@kistmail.kist.re.kr 

Sm-Fe and Sm-Fe-B thin films with a thickness of 
about 1 fim were coated by rf magnetron sputtering on Si 
(100) substrates. A composite target consisting of an Fe disk 
(4 in. in diameter) and Sm chips was used. A pure Fe disk 
and an Fe (99.0 at. %)-B (1.0 at. %) disk were used to fab- 
ricate Sm-Fe and Sm-Fe-B thin films, respectively. Argon 
was used as the sputtering gas. The sputtering pressure was 
varied from 1 to 10 mTorr. The other sputtering conditions 
used in this work were: the base pressure of below 7 
X 10"7 Torr, the target-to-substrate distance of 60 mm, and 
the rf input power of 300 W. The film thickness was mea- 
sured by using a stylus-type surface profiler. The film com- 
position of Sm and Fe was determined by electron-probe 
microanalysis. The amount of B was analyzed by spectro- 
photometry. The degree of crystallinity was observed by x- 
ray diffraction with Cu Ka radiation. Magnetic properties 
were measured by using a vibrating sample magnetometer 
with a maximum magnetic field of 15 kOe. 

In our experiments, widely ranged compositions were 
obtained by varying both the area fraction of Sm chips and 
the Ar gas pressure. More specifically, several experimental 
runs at various Ar gas pressures were carried out at a fixed 
target configuration and thin films with varying compositions 
were then obtained. Similar experimental runs were again 
conducted at different target configurations, producing thin 
films with varying compositions. The Sm content in the thin 
films fabricated at a fixed target configuration is found to 
increase with the Ar pressure. The present Ar gas depen- 
dence of composition is similar to that observed for Tb-Fe 
based thin films5 and may be explained by the difference in 
the scattering of sputtered Fe and Sm particles. 

All the fabricated films were checked by x-ray diffrac- 
tion to examine the degree of crystallinity, and some of the 
diffraction results are shown in Fig. 1 for the Sm-Fe system 

0021-8979/98/83(11 )/7270/3/$15.00 7270 © 1998 American Institute of Physics 
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FIG. 1. The variation of x-ray diffraction patterns with Sm content for the 
Sm-Fe system. 

1.0 

0.5 

(a) II-     . 

/     /     -JL 

0.0 

0.5 /"/ . 

■1.0 . —•'   -y 

-15 -10   -5    0     5    10   15 

H (kOe) 

1.0 

„0.5 

;  0.0 

-0.5 

-1.0 

(c) '   '//v.'      ' 

A 
-15 -10   -5    0     5    10   15 

H (kOe) 

1.0 

,0.5 

0.0 

-0.5 

-1.0 

■(b) //x___. 

15 -10   -5    0     5    10   15 

H (kOe) 

1.0 ■(d) IU _. 

,0.5 yi 
/ 

0.0 

-0.5 
j . 

„«••^V 
-1.0 

-15 -10   -5    0     5    10   15 

H (kOe) 

FIG. 2. The variation of the shape of M-H hysteresis with Sm content for 
alloys of (a) SmI5.2Fe840B08, (b) Sm25.8Fe73.5Bo.7, (c) Sm369Fe625B06, and 
(d) Sm684Fe313B03. Two hysteresis loops are shown for each sample, one 
measured by applying magnetic fields in the in-plane direction and the other 
in the perpendicular direction. 

over a wide composition range. The results for the Sm- 
Fe-B system are similar to those for the Sm-Fe system. The 
peaks at 20=33° and 70° are from the Si substrate. Sharp 
crystalline peaks of a Fe are clearly seen at low Sm content 
below ~ 20 at. %. The a-Fe peaks are slightly shifted to- 
ward a lower diffraction angle indicating a lattice expansion 
of the a Fe phase. The a-Fe crystalline peaks disappear and 
a broad peak characteristic of an amorphous phase emerges 
as the Sm content exceeds ~ 20 at. %. It is of interest to note 
that the position of the broad maximum (in 26) shifts toward 
the lower diffraction angle as the Sm content increases. This 
is clearly seen for the films of Sm24.oFe76o and Sm34 [Fe659 
where broad maxima occur at 20=41° and 35°, respec- 
tively. At a Sm content higher than 45 at. %, the microstruc- 
ture consists of a mixture of an amorphous phase and the 
a-Sm phase. The relatively large peak below 20=30° ob- 
served in some samples is thought to be related to a Sm 
oxide, possibly Sm203. 

The direction of easy magnetization is known to be an 
important factor for the magnetic softness of R-Fe thin 
films,5'6'11 and hence, the change in anisotropy is investigated 
as a function of the composition. The distribution of mag- 
netic anisotropy is investigated by examining hysteresis 
loops measured in the in-plane and the direction perpendicu- 
lar to the film plane. Some results for these hysteresis loops 
are shown in Figs. 2(a)-2(d). Corrections with regard to de- 
magnetizing fields are not made, so the loops shown in the 
figures are more squared than the "true" ones and, due to a 
larger demagnetizing field for a perpendicular loop, the de- 
gree of squareness of a perpendicular loop is expected to be 
larger. For the films with a similar Sm content, no noticeable 
difference in the direction of easy magnetization is observed 
with the addition of B, except for the films with low Sm 

content where the a-Fe phase exists. In this low Sm content 
range, both B-free and B containing films exhibit in-plane 
anisotropy but better in-plane anisotropy is observed for B 
added films. Also, at this low Sm content, the shape of hys- 
teresis loops measured in the in-plane direction is inclined 
substantially. This is indicated by low magnitudes (below 
0.1) of the remanence ratio, the results of which are shown in 
Fig. 3(a) as a function of the composition. The remanence 
ratio is defined as Mr/M15, where Mr is the remanent mag- 
netization and M15 the magnetization at 15 kOe. In the com- 
position range from 20 to 55 at. % Sm, well-developed in- 
plane anisotropy is formed and hysteresis loops are highly 
squared with the remanence ratio of most thin films being 
greater than 0.6 [Fig. 3(a)]. No substantial anisotropy is ob- 
served at a Sm content higher than 55 at. %; no substantial 
difference being noted in the shape of hysteresis loops mea- 
sured in the in-plane and perpendicular directions. Interme- 
diate magnitudes of the remanence ratio (0.29-0.40) are seen 
at this high Sm content. Anisotropy is little affected by the B 
addition and this behavior is in contrast with that observed in 
Tb-Fe based thin films where anisotropy is greatly influ- 
enced by the presence of B.5 Ferromagnetic behavior is ob- 
served to exist in the present Sm content range (up to 71.7 
at. %). This behavior is to be compared with that observed in 
Tb-Fe based thin films where superparamagnetic behavior 
appears as the rare-earth content exceeds ~66 at. %.5 

The results for M15 and the coercive force are shown, 
respectively, in Figs. 3(b) and 3(c) as a function of the com- 
position. Since most of the present thin films saturate at a 
magnetic field well below 15 kOe, M15 is practically identi- 
cal to the saturation magnetization. The coercive force (Hc) 
is obtained by applying the maximum magnetic field of 15 
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FIG. 3. The value of (a) the remanence ratio (Afr/Ml5), (b) saturation 
magnetization (M15), and (c) coercive force (Hc)as a function of Sm con- 
tent. The results of Sm-Fe thin films are indicated by filled circles and those 
of Sm-Fe-B thin films by unfilled circles. In the case of Hc , the results of 
Honda et al. (Ref. 3) for Sm-Fe thin films (indicated by triangles) are also 
shown for comparison. 

kOe. The results are obtained from the hysteresis loops mea- 
sured in the in-plane direction. In the case of the coercive 
force, the results of Honda et al? obtained for Sm-Fe thin 
films are also shown in Fig. 3(c) for comparison. 

Except for very low Sm content where the a-Fe phase 
exists, the saturation magnetization decreases nearly linearly 
from 8950 to 1580 G as the Sm content increases from 14.1 
to 71.7 at. %. Again, no substantial difference in the satura- 
tion magnetization is seen with the B addition and this is 
compared with relatively large reduction in Tb-Fe based 
thin films by the B addition.5 As can be expected from the 
ferromagnetic coupling between Sm and Fe (note that Sm is 
a light rare-earth element), no compensation composition is 
observed. The linear dependence of the magnetization may 
indicate that the total magnetization of the alloy is simply an 
arithmetic sum of Fe and Sm elements, the magnetic moment 
of Fe being larger than that of Sm.4 Of course, the relation of 
the arithmetic sum will hold only in the composition range 
where no paramagnetic a-Sm precipitates exist. It is esti- 
mated from the extrapolation of the present data that the 
magnetization reaches zero at ~ 85 at. % Sm. The extraordi- 
narily large magnitude of M15 at the low end of the Sm 
content is due to the formation of the a-Fe phase with a large 
magnetic moment. 

The magnitude of Hc is large for the thin films with the 
a-Fe phase, but, with the disappearance of the crystalline 
phase, the value of Hc is reduced significantly to 10 Oe. This 
may be because intrinsic magnetocrystalline anisotropy is 
effectively reduced by the formation of an amorphous phase. 
The value of Hc tends to increase with increasing Sm con- 
tent. This can be expected from the larger anisotropy of Sm 
than that of the Fe element. It may be noted, however that in 
the case of binary Sm-Fe thin films, a closer examination 
shows a tendency of a broad maximum in the //C-Sm con- 
tent plots at a Sm content of 40 at. % when the data of the 
thin films with well-developed in-plane anisotropy are taken 
into account. A similar result was previously reported by 
Miyazaki et al. for melt-spun Sm-Fe ribbons.2 The coercive 
force of Sm-Fe thin films was also investigated by Honda 
et al? but with a paucity of data and a large data scattering at 
the Sm content of 50 at. %, the tendency of the coercive 
force as a function of the composition cannot be drawn. Un- 
like the other magnetic properties, the coercive force is af- 
fected rather substantially by the addition of B; the Hc-Sm 
content plot is shifted toward higher Sm content with the B 
addition. This results in lower values of the coercive force of 
B containing thin films in the practically important Sm con- 
tent range of 30-40 at. % where optimum magnetostrictive 
characteristics are observed.3'10 Since the coercive force is 
closely related to magnetostrictive characteristics at low 
magnetic fields, low-field magnetostrictive characteristics are 
improved by the addition of B.'° As can be seen in Fig. 3(c), 
at a Sm content below 40 at. %, the present values of Hc of 
the Sm-Fe thin films are in fair agreement with those re- 
ported by Honda et al? At a Sm content higher than 40 
at. %, however, our values are lower than the reported ones. 
Magnetostrictive properties of the present thin films are 
found to be very good, particularly at low magnetic fields, 
and   these   magnetostrictive   results   will   be   published 
elsewhere. 10 
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Application of the ratio AX/AM to giant magnetostrictive materials 
in the (110) easy regime 

S. C. Busbridge and A. R. Piercy 
Department of Mechanical and Manufacturing Engineering, University of Brighton, Brighton BN2 4GJ, 
United Kingdom 

The parameter AX/AM is a useful tool for investigating the magnetization process in 
magnetostrictive materials. This work extends the use of this parameter from that previously 
explored in the (100) and (111) easy regimes to the (110) easy regime. Theoretical values of 
AW AM are presented for all possible domain wall motions that produce an increase in 
magnetization. In the (110) easy regime, AX/AM has contributions from both X100 and X m, but for 
practical purposes it is only necessary to consider the latter for the C15 phase giant magnetostrictive 
materials, because Xm>X1()o. Under such conditions there are 61 different wall motions but only 
four (nonzero) values for AX/AM. We have obtained the theoretically generated magnetostrain 
versus magnetization curve, derived from a model of distinct domain wall motions with 
successively higher values of AX/AM. It is shown that this curve is a good fit to the experimental 
magnetostrain versus magnetization curve obtained for Tb0 JHOQ 9Fe] 9, measured at intervals over 
the temperature range 213-373 K. Since it is known that equivalent theoretical curves in the (100) 
and (111) easy regimes model the magnetization process well, and that TbxHo!_^Fe19 (0<x 
< 0.2) undergoes a spin reorientation from (111) to (110) at approximately 260 K, and then to (100) 
as the temperature is reduced further, we conclude that AX/AM may be used in the (110) easy 
regime. However, the large number of wall motions makes it more difficult to identify any 
particular motion.   © 1998 American Institute of Physics. [S0021-8979(98)40911-3] 

INTRODUCTION 

The ratio of the change in magnetostriction to the change 
in magnetization, AX/AM is a useful parameter with which 
to probe the magnetization process in magnetostrictive ma- 
terials. An understanding of the magnetization process is im- 
portant to the further improvement of device grade 
material.1'2 This article extends the use of this parameter 
from that previously explored in the (100) and (111) easy 
regimes3 to the (110) easy regime. 

The (110) easy regime is relatively unusual, but it does 
occur under certain conditions in the RaJCRb1_JCFe2 (Ra, 
Rb=rare-earth elements) system.4 Under such conditions, 
the usual two-term anisotropy model is adequate provided 
that ~lK1<K2<0. 

THEORETICAL BASIS FOR AX/AM 

A domain wall moving through a volume fraction / of 
the sample will give rise to a change in magnetization AM: 

A.M=fMs(cos 02-cos 0i), (1) 

where Ms is the saturation magnetization and 82 and Qx are 
the directions of the magnetization in each domain either 
side of the moving wall with respect to the measurement 
direction 0. Thus 

COS 02 = (Mo + m2mO + n2no) (2) 

and similarly for cos 01; where I, m, and n are the direction 
cosines. The change in strain AX is given by 

AX=/(X2i0-X,,0), (3) 

where X20 and Xi0 are the magnetostrains measured in di- 
rection 0 when the magnetization lies in directions 2 and 1, 
respectively. Hence 

I 3 A. loo \ I   2 2 2    2        2   2 
^2,0=    ~^~\    l2lo + m2mO + n2nO- T 9        I \ '2'U  ■   '■"Z""U   '   "Z'-u        T 

+ 3X111(/2m2/0m0 + m2n2mo«o + n2Z2no/0)       (4) 

and similarly for X10- The normalized value of AX/AM is 
therefore intrinsic to the magnetization process in that it is 
dependent only on the change of direction of the magnetiza- 
tion and the resultant change in strain. In the case of domain 
wall motion, AX/AM will take a unique value, for each type 
of wall motion, in terms of the ratios of the constants 
km/Ms and X100/Ms. For the (111) easy regime the con- 
tribution of \m/Ms to AX/AM is always zero, and for the 
(100) regime the contribution of Xm/Ms to AX/AM is al- 
ways zero. In the (110) easy regime, the value of AX/AM 
will, in general, consist of contributions from both \m/Ms 

and \m/Ms. In the case of magnetic rotation, AX/AM will 
generally be a function of M and depend on the direction of 
rotation of Ms, again with contributions from both Xm/Ms 

and Kwo/Ms. When considering dynamic changes in 
magnetization5 the equivalent parameter is dlx, because d 
= AX/AH and \ = AM/AH. We have previously shown that 
the quasistatic and dynamic magnetization processes are 
likely to be the same in the (111) and (100) regimes.6 A more 
detailed comparison of AX/AM and dlx as functions of 
MIMS suggests that this conclusion also holds true in the 
(110) easy regime. 

0021 -8979/98/83(11 )/7273/3/$15.00 7273 1998 American Institute of Physics 
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TABLE I. Values of k\/AM=A(\m/Ms) + B(\ul/Ms) for all possible wall motions in the (110) easy 
regime. 

Wall type 62—>0[ No. of walls Example A B 

180° 125.3°-» 55.7° 1 [n0]-[110] 0 0 

150.0°—30.0° 2 [101]-[101] 0 0 

106.8°—73.2° 2 [ioi]-[ioi] 0 0 

120° 150.0°—54.7° 2 [ToT]—[no] -0.260 -0.173 

73.2°—54.7° 2 [7oi]—[no] -1.299 + 2.598 

125.3°—30.0° 2 [Tio]—[loi] + 0.260 + 0.173 

150.0°-30.0° 2 [011]-[101] 0 0 

90.0°—30.0° 2 [110]-[101] + 0.433 + 0.866 

106.8°—30.0° 2 [011]—[101] 0 + 0.866 

150.0°-»90.0° 2 [oii]-[no] -0.433 -0.866 

106.8°—90.0° 2 [ioT]-[Iio] -1.299 + 0.866 

150.0°-73.2° 2 [on]-[ioi] 0 -0.866 

90.0° -»73.2° 2 [110]—»[101] + 1.299 -0.866 

106.8°—73.2° 2 [oilMToi] 0 0 

125.3°-106.8° 2 [no]-[ioi] + 1.299 -2.598 

90° 90.0°—54.7° 2 [Tio]—[no] 0 + 0.866 

73.2°—30.0 2 [Toi]-[101] 0 + 1.732 

106.8°—30.0° 2 [101]—»[101] 0 + 0.866 

125.3°—90.0° 2 fiioMiio] 0 -0.866 

150.0°—73.2° 2 [loiMioi] 0 -0.866 

150.0° —106.8° 2 [loiMioi] 0 -1.732 

60° 106.8°—54.7° 2 [l6I]—[110] -0.433 + 0.866 

90.0°—30.0° 2 [110]—»[101] + 0.433 + 0.866 

73.2°—30.0° 2 [Oil]—[101] 0 + 1.732 

54.7°—30.0° 2 [110]—[101] +1.299 + 0.866 
150.0°—90.0° 2 [101]—[110] -0.433 + 0.866 

106.8°—90.0° 2 [Oil]—[110] -1.299 + 0.866 

125.3°-»73.2° 2 [110]—[101] + 0.433 -0.866 

90.0°—73.2° 2 [110]—[101] + 1.299 -0.866 

150.0°-»106.8° 2 [Oil]—[101] 0 -1.732 

150.0°—125.3° 2 [101]—[110] -1.299 -0.866 

When considering the possible values for AX/AM, it is 
only necessary to consider those magnetization processes 
that give rise to a positive value for AM. Most of the values 
for AX./AM so generated are positive (for positive magneto- 
striction constants), although negative values are also gener- 
ated. Experimental evidence suggests that negative values of 
AX/AM are not generally observed. A negative value of 
AX/AM would require a decrease in magnetostriction to ac- 
company an increase in magnetization. Although this is pos- 
sible (the magnetostriction is an even power function of the 
magnetization) it appears not to be energetically favorable. 
In essence the magnetization drives the magnetostriction 
with increases in the value of cos <f> ((/> being the angle be- 
tween Ms and H) being magnetostatically inefficient. 

In the (100) easy regime the possible values for AX/AM 
are (in units of Xi00/Mj 0, 0.612, and 1.837. A value of 
-0.612 is also possible. In the (111) easy regime the pos- 
sible values are (in units of Xm/Ms) 0, 0.707, 1.414, and 
2.123. Negative values for each of these are also possible. In 
the (110) easy regime there is a total of 132 possible differ- 
ent wall motions (12 are 180°, 48 are 120°, 24 are 90°, and 
48 are 60°) and of these, 61 give rise to a positive value for 

AM. The corresponding different values for AX/AM 
=A(X100/MJ) + JB(X111/MJ) are given in Table I, together 
with the type and equivalent number of wall motions. In all 
cases it is assumed that the measurement and magnetization 
directions are [112]. 

Although there is a large number of different wall mo- 
tions, for practical purposes it is only necessary to consider 
the values of B for the giant magnetostrictive rare-earth iron 
materials, since Xlu>X10o (even though this may be true, it 
is necessary to consider X10o in the (100) easy regime, be- 
cause the contribution to AX/AM from Xin/Ms is always 
zero). There are therefore only five different non-negative 
values of <5X/AM (0, 0.173, 0.866, 1.732, and 2.598). 

According to torque measurements made by Koon et cd. 
on single crystals, TblHo1_^Fe2 (0<x<0.20) undergoes a 
spin re-orientation from (111) to (110) just below room tem- 
perature as the composition is made more Ho rich.7 When 
* = 0.1 the spin reorientation is close to 260 K. Cooling be- 
low this temperature and/or a reduction in the value of x 
brings about a gradual shift in the easy direction of magne- 
tization towards (100). 

Figure 1 shows normalized magnetostrain versus magne- 
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FIG. 1. Normalized strain versus normalized magnetization for 
Tb^HO] _j.Fei 9. The points are experimental data and the lines are theoreti- 
cally derived from AX./AM. For each easy axis regime the strain has been 
normalized to the appropriate value of \nl. 

tization measurements for Tb^Hoi-^Fei 9 (x = 0, 0.1, and 
0.2) obtained at a temperature of 260 K. The magnetostrain 
was measured with a strain gauge and the magnetization by a 
two-coil induction technique. Similar curves are obtained for 
x = 0.1 over the temperature range 170-370 K. The solid 
lines represent possible theoretical magnetization processes 
for the (100), (110), and (111) easy regimes obtained from 
values of AX/AM. In all three regimes the initial demagne- 
tized state is assumed to be one in which all equivalent easy 
directions are equally populated. The magnetization is pos- 
tulated to proceed by domain wall motions with the lowest 
possible values of AX/AM, each process being completely 
exhausted before moving onto wall motions with succes- 
sively higher values of AX/AM. The total magnetization and 
total strain are treated as cumulative summations of the con- 
tributions from the individual wall motions. Rotation must be 
included to describe the final approach to saturation. 

S. C. Busbridge and A. R. Piercy       7275 

The theoretical curves follow the general change in 
shape of the experimental curves, as the direction of the easy 
axis is varied. This substantiates a correlation between the 
observed strain versus magnetization curve and the theoreti- 
cal plot predicted from the values of AX/AM in each of the 
easy axis regimes. It should be noted, however, that the re- 
sults from torque measurements and from Mossbauer studies 
do not entirely agree with each other in the transition region, 
and that the alternative transition from (111) to (100) via 
(luu) (0<M<1) proposed by Altzmony and Dariel8 is also 
well described by the theoretical magnetization processes 
shown in Fig. 1. 

DISCUSSION 

The parameter AX/AM is a useful tool for investigating 
the magnetization process in magnetostrictive materials, and 
gives a good fit to experimentally obtained data in the (100) 
and (111) easy regimes. 

However, in the (110) easy regime the method has be- 
come insensitive to the precise direction of the easy axis, 
because the large number of possible wall motions permits a 
greater number of plausible theoretical magnetostriction ver- 
sus magnetization curves to be postulated. Unless it is pos- 
sible to identify a single domain wall motion process, it will 
always be possible to find more than one theoretical magne- 
tization process to fit a given set of experimental data. 
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Magnetostriction and susceptibilities of twinned single crystals 
of Terfenol-D 

X. G. Zhaoa) and D. G. Lord 
Joule Laboratory, Department of Physics, University of Salford, Salford M5 4WT, United Kingdom 

Measurements are presented of the dc magnetostriction, and both the ac and dc susceptibility along 
the three orthogonal axes of [112], [111], and [110] from twinned single crystals of TerfenoUD as 
a function of varying compressive stress and magnetic field mutually applied along the [112] rod 
axis. The data are used in an attempt to analyze the magnetization processes occurring in such a 
specimen. The experimental results show clearly the two characteristics of the magnetization 
process corresponding to (i) the magnetostrictive "jump" effect, and (ii) the slow changes of 
magnetostriction occurring above the "jump." It is estimated that in stage (i) of the magnetization 
process, the domains aligned along the [111] axis by the applied stress rapidly and massively 
redistribute their moments both to the [111] direction closest to the applied field as well as to die 
[Til] and [111] directions; and_during stage (ii), the domains occupying the [111] and [111] 
directions redistribute to the [111] successively by non-1800 domain-wall motion. However, two 
fine magnetization processes are found in the field range of the jump effect indicating that some 
domains must redistribute from the [111] to the [111] and [111] initially, then to the [111] even 
when the field is only increased in the initial stage (i). The nonzero susceptibilities measured along 
the [111] and [110] suggest that both the volumes of parent and twin_ material as__well as the 
probabilities for domain redistribution from one easy direction to the [111] and [111] might be 
different.   © 1998 American Institute of Physics. [S0021-8979(98)25611-8] 

I. INTRODUCTION 

Giant magnetostrictive Tb03Dy07Fe2, known as 
Terfenol-D, is of significant interest technologically for ac- 
tuator and transducer applications. Commercially available 
material, grown by a free-standing zone (FSZ) technique, is 
normally composed of dendritic plates which often contain 
single or multiple crystallographic twins with a common 
(111) plane. Such materials exhibit significant magnetoelas- 
tic strain,1'2 the evolution of which is characterized by dis- 
continuous strain changes, known as "jump" or "burst" 
effects, which occur at particular values of applied field. It 
was initially thought such jumps were the result of magneti- 
zation rotation from other easy directions to that closet to the 
applied field. However, numerous experimental investiga- 
tions by Teter et al? and other authors4-9 have shown the 
dendritic and twin structure of Terfenol-D make the magne- 
tization process much more complicated, and infer that there 
must be various processes involved, including domain-wall 
movement, and not only the one domain rotation process. 

In this paper, measurements of the dc magnetostriction, 
and both the ac and dc susceptibility along the three orthogo- 
nal axes of [112], [111], and [110] (as shown in Fig. 1) are 
presented from twinned single crystals of Terfenol-D as a 
function of varying compressive stress and magnetic field 
mutually applied along the [112] rod axis. The data are used 
in an attempt to analyze the magnetization processes occur- 
ring in such a specimen. 

II. EXPERIMENTAL DETAILS 

Samples of 54 mm in length along the [112] growth 
direction were obtained from 7.7 mm diam rods prepared by 
Edge Technologies, Inc. by a FSZ technique, and were met- 
allographically checked to be twinned single crystals. Each 
rod was supported in an assembly containing three pairs of 
mutually orthogonal pick-up coils. Differential magnetic sus- 
ceptibility data were obtained by subjecting the rod speci- 
mens to a dc and superimposed ac magnetic field directed 
along the [112] rod axis. The ac ripple field, of frequency 77 
Hz and of 4 Oe in amplitude, was held constant while a 
lock-in amplifier was used to detect the signals induced in 
the coils. The magnetization along the [112] was determined 
by a flux meter. Magnetostriction measurements were made 
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FIG.   1.   The  polar  projection   of  principal   crystallographic   axes   of 
Terfenol-D in the (112) plane. 
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FIG. 2. The field dependencies of (a) \[112], (b) \[110], and (c) M[l 12] for 
different values of applied stress. 

using standard strain gauge techniques. The compressive 
stress was applied to the ends of the rod by a pair of modified 
electromagnet pole pieces, in one of which a piston could be 
driven by compressed air. All measurements were carried out 
at ambient temperature and with closed magnetic circuits. 
For all the data described here, the applied field was swept 
from + 8000 to - 8000 Oe. 

III. RESULTS AND DISCUSSION 

_The field _dependencies of magnetostrictions along the 
[112] and [110] directions and magnetization along the 
[112], named \[112], X[lTo], and M[112], respectively, are 
shown in Fig. 2 for different values of applied stress. With 
zero stress applied, the material shows a small saturation 
value of X[112] of about 750X 10~6. It is clear from consid- 
ering X[1T2] and M[112] that 180° domain-wall motions 
dominate the magnetization process near zero field. How- 
ever, when a 10 MPa compressive stress is applied to the 
specimen, a "jump" effect occurs at a particular field, the 
"jump" field, of about 250 Oe. When this initial "jump" is 
completed, the measured magnetostrictions reach relatively 
high values of about 1100X10"6 for \[112] and 800 
X 10~6 for \[110]. Further increases in applied field result in 
the magnetostrictions changing slowly in a manner analo- 
gous to that pertaining to the zero stress situation. When the 
applied stress is increased further, there_is only a small in- 
fluence on the saturation value of X[l 12], but the "jump" 
field increases to higher values. The curves seem to be 
shifted to the higher fields as a whole, especially for the 
portion associated with the slow variations occurring above 
the "jump" field. This characteristic of the slow change in 
magnetostriction towards saturation has been observed in all 
available twinned crystals of Terfenol-D. 

It is reasonable to suppose that the magnetization pro- 
cess can be simply divided into two stages which correspond 
to (i) the magnetostrictive "jump" effect, and to (ii) the slow 
changes of magnetostriction occurring above the "jump." 

■a 
■a 

FIG. 3. The field dependency of the ac susceptibilities ^[112], ^[111], and 
^[110] as well as that of quasistatic d33, for different values of applied 
stress: (a) zero and (b) 10 MPa. 

Referring to Fig. 1, the experimental results indicate that in 
stage (i) of the magnetization process, the domains aligned 
along the [111] axis by the applied stress rapidly and mas- 
sively redistribute their moments both to the [111] direction 
that_is closest to the applied field as well as to the [111] and 
[111] directions. During stage(ii), the domains having mag- 
netizations occupying the [lll]_and [111] directions redis- 
tribute their moments to the [111] successively by non-180° 
domain-wall motion. The large demagnetization factor along 
the [111] axis, resulting from the platelike microstructure of 
the twinned crystals, is thought to be responsible for the 
characteristic strain behavior exhibited in this second stage 
of the magnetization process.10 

The field dependency of the ac susceptibilities ^112], 
x[lll], and A{110], as well as that of quasistatic d33 

(d\[112]/dH), are shown in Fig. 3(a) for the zero-stress 
situation. Consistent with the slow change of magnetostric- 
tion, d33 and ^[112] illustrate almost linear changes with 
applied field between zero and 2500 Oe. However, more 
complicated variations are exhibited in the field behavior of 
both ;t{lll] and ^[110]. When the field is decreased from 
positive saturation to zero, A!HO] decreases from its satura- 
tion value, reaches a negative maximum at an applied field of 
1500 Oe, then increases until zero field. At the same time, 
A011] keeps almost unchanged until the field reduces to 
1500 Oe, then it linearly increases until the field reduces 
down to zero. 

Figure 3(b) shows the influence of a 10 MPa applied 
stress on the change of d33 and the susceptibilities. Some 
peaks appear in the field range between ± 250 Oe that cor- 
responds to stage (i) of the magnetization process. Beyond 
this field range, all the variations behave like those in the 
unstressed case. The peak maximum in A{112] and the peak 
minima in A{111] and ^[110] are located at the same field 
value, but this value is lower than that associated with the 
peak in J33. This situation is found for both positive and 
negative applied fields and would suggest that, at these low 
fields, 180° domain-wall motion is occurring, which yields 
zero contribution to the magnetostriction. 

With reference to Fig. 1 depicting the projections from, 
say, a parent crystal plate, it can be seen that ^[110] results 
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FIG. 4. The field denpendencies of the quasistatic (dc) susceptibility and d3} 

along the [112] direction for different values of applied stress: (a) 10, (b) 20, 
(c) 30, and (d) 40 MPa. 

from the competition_between the_ magnetization contribu- 
tions from along the [111] and [111] axes. Similarly, ^[111] 
is from the competition between the magnetization contribu- 
tions along the [111] and the [TIT], [111], [ill], and [111]. 
If (a) the volumes of parent and twin plates in such a twinned 
single crystal were equal, and (b) jthe probabilities for a do- 
main rotating its moment from [111] to [111] and [111] were 
equal, too, no matter where this domain was located, then the 
x[l 11] and ^[110] should remain zero during both these two 
stages of the magnetization process. However, this has not 
been found to be the case in any of our susceptibility mea- 
surements and would suggest the existence of differences in 
both volume fraction and domain occupation probability. 

_The quasistatic (dc) susceptibility and di3 along the 
[112] direction were obtained by differentiating the experi- 
mental data of magnetization and magnetostriction variations 
with field and are shown in Fig. 4. Two peaks can be distin- 
guished in the field variations from both of these parameters 
in the field range of the stage (i) jump effect. The two peaks 
in d33 appear to be almost the same in amplitude whereas in 
the susceptibility, the higher-field peak appears as a shoulder 
on the more prominent lower-field peak. A sharp peak in dc 
susceptibility is also evident near zero field, even when the 
stress is applied, indicating the existence of 180° domain- 
wall motion in all cases. It is interesting to note that this peak 
is not evident from the nonzero stress data obtained from ac 
susceptibility measurements; this may be due to the higher 
magnetic hysteresis in this case. 

In Fig. 5 the field variation of the ratio d33/y, experi- 
mentally determined from the quasistatic data, is shown for 

FIG. 5. The field variation of the ratio dzilx along the [112], experimen- 
tally determined from the quasistatic data, for various applied stresses. 

various applied stresses. A peak, with an amplitude of about 
1.75 clearly appears in the stage (i) jump-field range: this 
corresponds to both the peak_with a higher field as shown in 
Fig. 4, and to the peak of X.[l 10] in Fig. 1(b). It is known that 
the ratio (d33/x), in units of \ni IMS, has values about_2.1, 
1.4, and 0.7 when domains rotate from the [111] to the [111] 
or [111], from the [111] to the [111] axis, and from the [111] 
or [111] to the [111] axis, respectively.11 It would appear, 
therefore, that the observed peak seems to result from the 
redistribution of domain magnetizations from the [111] to 
the [Til] or the [111] directions. The peak with the lower 
field value in Fig. 4 may_be mainly due to the redistribution 
of domains from the [111] to the [111] axis. 

The mechanisms responsible for the domain redistribu- 
tions in different ways has not been observed clearly so far 
by experiment. 
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Magnetization and magnetostriction of dendritic [112] TbxDyyHozFe195 
0+y+z=1) rods under compressive stress 
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The field dependencies of the magnetization and magnetostriction of the Laves phase pseudobinary 
Tbj.DyyHOjFe! 95 (x+y + z = l) compounds were measured as a function of compressive stress T 
(10 MPa<|r|<70 MPa) and applied magnetic field H (0<H< 135 kA/m). Values of x, y, and z 
were chosen to obtain minimum magnetic anisotropy and easy magnetization axis rotation near 
room temperature. At a compressive stress of 34 MPa, the addition of Ho to the binary 
Tbj -jDy^Fe! 95 compound reduced the width of the strain versus magnetic field hysteresis curves in 
Tb028Dy057Ho0.i5Fe195 and Tb0 26Dy0 54Ho0 ^Fej 95 by 23% and 54%, respectively, compared to the 
original alloy, while the strains were reduced by only 7% and 10%. © 7998 American Institute of 
Physics. [S0021-8979(98)34411-4] 

I. INTRODUCTION 

>1D2 The pseudobinary Laves phase {RxRy...)Ve,2 compounds 
(7?' = rare earth, x + y + ... = l) are known to possess very 
large magnetostrictions, strong stress dependencies, and un- 
usual AE effects.1 The effects of crystalline anisotropy can 
be quite large in these materials, resulting in large hysteresis 
losses. Spin reorientation diagrams of the Tbx _ArDyxFe2 and 
Tbi_xHo^Fe2 ternary compounds show that the anisotropy 
can be minimized by a suitable combination of rare earths.2 

This kind of ternary alloy has one degree of freedom, x, 
which permits only the combined effects of all of the anisot- 
ropy constants to be minimized. In practice, this results in 
minimizing the largest anisotropy constant, Kt. 

By adding a third rare earth element, an additional de- 
gree of freedom is obtained and both of the two largest an- 
isotropy constants, Kx and K2 can be minimized. Holmium 
is a good choice since, like Tb and Dy, it has a large, positive 
magnetostriction. This approach was followed by Williams 
and Koon3 who reported a very low anisotropy with the com- 
position Tb0 2Dy0 22Hoo.58FeL95, but at the cost of substan- 
tially lowering the saturation magnetostriction. The reason 
for this lower magnetostriction is that Ho has only 1/3 of the 
intrinsic magnetostriction of Tb and Dy. In this article, we 
examine the reduction in the hysteresis losses and magneto- 
striction caused by substituting small amounts of Ho (z 
=s0.2) for Tb and Dy in the highly magnetostrictive 
TbjDy! _jFe2 pseudobinary. 

II. EXPERIMENT 

Five ThcDy),HozFe195 (x + y + z=l) samples 
(0.48 cm diamX 1.91 cm long) were prepared using a free 
standing zone melt method.4 A slightly iron deficient alloy 

(Fej 95 instead of Fe2) is used in order to create a small 
amount of rare earth eutectic which thereby increases the 
mechanical robustness of the samples. The compositions ex- 
amined in this study are shown in Table I along with the 
saturation magnetostriction 5sat. For a given Ho concentra- 
tion, all of the samples except sample C lie on a linear mini- 
mum anisotropy line created by compounds of the form: 

x(Tb0.15Hoo.85Fe2) + (l -*)(Tb0.3Dy0.7Fe2),    0«*«1. 

Sample A is the room temperature Terfenol-D composition 
and was used to provide a control for the experiment, while 
sample E is at the zero anisotropy composition found by 
Williams and Koon.3 Figure 1 shows these compositions on 
a ternary phase diagram. These relatively small diameter 
samples appear to be of very good quality since sample A 
(Terfenol-D) has a large magnetostriction and markedly 
lower hysteresis losses than larger size rods of the same com- 
position. We believe this is due to good alignment of the 
[112] platelets in these samples. 

The magnetization and magnetostriction at compressive 
stresses T (10MPa<|r|<70MPa) and fields H (O^H 
«135 kA/m) were measured at room temperature. The ap- 
paratus used a dead weight to apply the stress; length 
changes were measured by LVDTs, and the magnetization 
was measured by a small pickup coil wound around the 

TABLE  I.   Composition  and  saturation  magnetostriction  Ssl 

TbIDyyHoi,Fe195 (x + y + z=l) samples reported in this study. 
of the 

''Electronic mail: wunfogle@oasys.dt.navy.mil 

Sample X y z Ssat (PPm) 

A 0.30 0.70 0.00 1850 
B 0.28 0.57 0.15 1650 
C 0.30 0.55 0.15 1600 
D 0.26 0.54 0.20 1500 
E 0.20 0.22 0.58 1000 
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FIG. 1. Ternary phase diagram for the TbFe2-HoFe2-DyFe2 system. The 
regions marked [100], [111], and [110] indicate the direction of the easy 
magnetization axis. The locations of the samples discussed in the article are 
indicated. The line of minimum anisotropy runs through samples A and E. 

sample. Figure 2 shows the magnetostriction of a typical 
sample with Ho added (sample B). The primary objective of 
this work is to determine how the width of the hysteresis 
loop depends upon the Holmium concentration and compare 
this dependence with the decrease in magnetostriction as the 
Ho concentration was increased. For purposes of this com- 
parison, we used application oriented measures of magneto- 
striction and hysteresis. The peak-to-peak magnetostriction 
Spp is defined as the change in strain over a range of 71.6 
kA/m ( — 900 Oe) centered around the field at which the pi- 
ezomagnetic constant d has a maximum, subject to the re- 
striction that the field is always positive, i.e., the center field 
is 5=35.8 kA/m. The hysteresis width Wh is defined as the 
average width of the magnetic field-strain curve at the field 
where d has a maximum. 

Figure 3 shows Spp as a function of Ho concentration 
and stress for samples A, B, D, and E, the samples that lie 
along the minimum anisotropy line. (Sample C, which lies 
on the Tb rich side of the minimum anisotropy line, has a 

0.1,       0.2        0.3        0.4 

Ho Concentration 
0.5 0.6 

FIG. 3. Peak-to-peak magnetostriction Sm vs holmium concentration as a 
function of applied stress for samples A, B, D, and E. 

slightly higher magnetostriction.) Figure 4 shows Wh as a 
function of Ho concentration and stress for the same four 
samples. For sample D (Tb026Dy054Ho02Fe195), at T 
- -9.8 MPa, an artifact of our definition of the width gave 
meaningless results: Part of the 71.6 kA/m magnetic field 
range used to determine Wh is at fields where the magneto- 
striction is saturated. 

III. DISCUSSION 

Figure 3 shows the reduction in Spp as the Ho concen- 
tration is increased. The effect is moderately large at low 
stresses and decreases as the stress is increased and the ap- 
plied stress begins to dominate the magnetostrictive behav- 
ior. At the same time, Fig. 4 shows that Wh also decreases as 
the Ho concentration increases. The reduction in Spp and Wh 

for several of the stresses are summarized in Table II. 

Applied Field (kOe) 
-1.0 0.0 1.0 2.0 

140 

0.0 Li 
-150     -100      -50 0 50        100 

Applied Field (kA/m) 

150 

FIG.   2.   Magnetostriction  vs   applied  magnetic   field  for  sample  B, 
Tbo.28Dyo.57Ho0isFeL95,  for stresses  of -9.8,   -21.9,   -33.9,   -46.0, 
-58.1, and -70.1 MPa. 

0.1       0.2      0.3      0.4 

Ho Concentration 

FIG. 4. Hysteresis width Wh vs Ho concentration for samples A, B, D, and 
E for applied stresses of -9.8 (filled square), -21.9 (filled triangle), -33.9 
(filled diamond), -46.0 (filled circle), -58.1 (open square), and 
-70.1 MPa (open circle). 
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TABLE II. Fractional change in peak-to-peak magnetostriction AS = [Spp-Spp(A)]/Spp(A) and fractional 
change in hysteresis width AW=[Wh-Wh{h)]IWh(A) for samples B, C, D, and E as a function of applied 
stress. The reference values 5pp(A) and Wh(A) are the values for sample A. 

Sample B Sample C Sample D Sample E 

r(MPa) AW AS äW AS AW AS AW AS 

-9.8 -49% -9.4% -3% -16% no data -26% -54% -46% 
-21.9 -20% -8.5% -10% -12% -10% -16% -48% -39% 
-33.9 -23% -6.7% -13% -5.7% -54% -10% -62% -29% 
-46.0 -26% -5.9% -15% 0.4% -44% -7.0% -72% -18% 
-58.1 -18% -4.2% -33% 2.6% -61% -5.1% -81% -9.3% 
-70.1 -36% -7.2% -21% 5.1% -68% -6.0% -36% -0.1% 

In conclusion, small amounts of Ho (<20%) replacing 
Tb and Dy in the usual Terfenol-D formulation, while de- 
creasing the magnetostriction, provide a much larger de- 
crease in hysteresis losses. Such a tradeoff is very important 
for many device applications. 
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Terfenol-D, Tb1_JCDyJCFe2 (x=0.7), is successfully used as a magnetostrictive transducer material 
for low-frequency applications. To extend the frequency range of magnetostrictive transducers into 
the high kHz and MHz range, new materials processing techniques must be developed to minimize 
eddy current losses. The method that has demonstrated the greatest potential to date is based on 
rapid solidification by melt spinning to obtain thin strips of material. The objective of this program 
includes refining the casting procedure to yield ribbons with the [111] direction oriented along the 
length of the ribbon, with the (110) plane in the plane of the ribbon. The crystallographic orientation 
of the Terfenol-D ribbons have been controlled by varying the cooling rate of the melt-spinning 
process. The cooling rates were controlled by a number of parameters in the melt-spinning process 
and ribbons have been obtained with an enhancement of the (110) plane parallel to the surface of the 
ribbon. Magnetostrictive measurements under tensile stresses up to 3 MPa and magnetic fields up to 
4 kOe yielded magnetostrictive displacements of 850X10"6. © 1998 American Institute of 
Physics. [S0021-8979(98)25711-2] 

INTRODUCTION 

Terfenol-D, Tb1_JCDyIFe2 (x=0.7), has one of the larg- 
est magnetostrictive displacements under ambient (room- 
temperature) operating conditions.1 To date, the standard de- 
sign for transducers that use Terfenol-D as the actuator 
incorporates a rod of the material cast under specific cooling 
conditions.2 The cooling parameters are designed to generate 
a uniform crystallographic structure in the rod to obtain the 
largest possible magnetostrictive displacement. The large 
displacement increases the energy of the acoustic signal that 
is generated by the transducers. 

One of the limits of this type of magnetostrictive trans- 
ducer is the frequency range of the generated acoustic signal. 
The large size of the actuator rod limits the effectiveness of 
the transducer at higher frequencies due to eddy current 
losses.3 The optimal configuration for higher-frequency (ul- 
trasonic) magnetostrictive transducers is to have thin layers 
of the material stacked to form the transducer rod. This 
maximizes the magnetostrictive behavior as it minimizes the 
eddy current losses that occur when the rod configuration is 
used, enabling generation of ultrasonic signals with frequen- 
cies in the low megahertz (MHz) range. This means that the 
alloy needs to be manufactured in thin strips with the appro- 
priate crystallographic orientation. The method reported here 
for manufacturing thin strips of Terfenol-D is a modification 
of the melt-spinning rapid solidification technique. 

"'Electronic mail: lindgren@indqual.com 

The preferred direction of magnetization in Terfenol-D 
is [111] in the cubic Laves' phase.1 For melt-spun ribbons, 
this means that this direction should be oriented along the 
length of the ribbon. To achieve this orientation, the (110) 
plane could lie in the plane of the ribbon, as the [111] direc- 
tion is located in the (110) plane. The work that will be 
described here is an ongoing effort to develop methods to 
obtain this desired orientation in Terfenol-D ribbons by con- 
trolling the cooling rate of the melt-spinning process. The 
cooling rate is controlled by varying the velocity of the melt- 
spinning wheel and by changing the composition of the melt- 
spinning wheel, which yields different values for the thermal 
conductivity of the wheel. 

EXPERIMENT 

To generate ribbons of Terfenol-D, the melt-spinning 
technique commonly used for rapid solidification was used.4 

A schematic of the melt spinner is shown in Fig. 1. The 
melt-spinning procedure was initiated by placing a 5 gm 
piece of nonoriented Terfenol-D in a quartz crucible, which, 
in turn, was placed inside an induction coil. The Terfenol-D 
was heated by induction heating just past the melt point, at 
which time it was ejected onto the spinning wheel through a 
0.6 mm hole in the quartz crucible. The molten metal was 
ejected by applied argon gas. The melt-spinning process was 
performed inside an enclosed chamber under an argon atmo- 
sphere at ambient pressure to prevent oxidation. The velocity 
of the melt-spinning wheel was set by a controller and was 

0021 -8979/98/83(11 )/7282/3/$15.00 7282 © 1998 American Institute of Physics 
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FIG. 1. Schematic of the melt spinner used to manufacture Terfenol-D 
ribbons. 

measured using an optical tachometer. Changes in the wheel 
velocity were used to control the cooling rate of the solidifi- 
cation process. Five wheel compositions that had values for 
the thermal conductivity that ranged from 2.0 to 0.29 
Wcm/K were investigated in combination with the wheel 
velocities to obtain a broad range of cooling conditions. 

Using the melt-spinning technique, sections of ribbon 
over 100 mm in length were obtained. The dimensions of the 
ribbon depended on the wheel velocity, with thicknesses that 
ranged from 60 to 450 /xm and widths from 1 to 5 mm. The 
crystallographic orientation of the ribbons was determined 
by x-ray diffraction (XRD). The ribbons were mounted on 
amorphous glass slides with tape. The mounting tape was 
placed outside the x-ray beam to insure that it did not affect 
the diffraction pattern. The samples were scanned at 2° per 
minute in a computer controlled Diano XRD 8535 x-ray dif- 
fractometer. Each diffraction pattern was analyzed by sub- 
tracting the background radiation and normalizing the dif- 
fraction pattern to itself. This was followed by normalizing 
the pattern to a powder diffraction pattern of Terfenol-D. The 
powder sample was obtained by crushing a section of the 
as-received Terfenol-D rod. 

The magnetostrictive performance of the ribbon was de- 
termined using a custom measurement system. Figure 2 
shows a schematic of the experimental apparatus. The rib- 
bons were mounted between the pole faces of an electromag- 
net in a loosely fitting channel made of glass slides to keep 
the ribbon from swinging. Measurements on bulk Terfenol-D 
commonly utilize compressive stresses. Since it is not prac- 
tical to apply a compressive stress to ribbons, a tensile stress 
was used instead. The upper end of the ribbon was clamped 
to an aluminum support rod with a rubber-jawed clamp. A 
similar clamp attached a weight holder to the lower end of 
the ribbon. Weights of 50, 100, 200, and 500 gm were hung 
from the weight holder to apply the stress. This resulted in 
average stresses of 0.31, 0.72, 1.4, and 2.7 MPa. Because the 
width and thickness of the ribbon varied with position, the 
local stress varied somewhat throughout the sample. Based 
on the variations of the ribbon's width and thickness, the 
estimated standard deviation of the stress is 15%. An MTI 
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FIG. 2. Schematic of experimental apparatus for measuring magnetostric- 
tion of melt-spun ribbons as a function of magnetic field and tensile stress. 

1000 Fotonic sensor was used to measure the motion of the 
bottom of the weight and a Lakeshore Gaussmeter was used 
to measure the applied field. It was found that the ribbon's 
magnetostriction stabilized after maintaining tension on the 
ribbon overnight. 

Terfenol-D has a positive magnetostriction, which 
means that tensile stress aligns the moments along the length 
of the ribbon. In order to rotate the moments to measure the 
magnetostriction, a magnetic field perpendicular to the rib- 
bon length must be applied, in this case, across the width of 
the ribbon. Because of the large length-to-width ratio of the 
sample and the orientation of the applied field with respect to 
the ribbon, the demagnetizing effect is significant. The de- 
magnetizing field parallel to the width at the center of sample 
was calculated to be 700 Oe.5 

i ■ i ' i ■ i ■ i ■ i ' t ■ i ■ i ■ i ■ i ■ i ■ i ' i ■ i 
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FIG. 3. Normalized intensity of the (220) diffraction peak as a function of 
wheel velocity for the wheel with a thermal conductivity of 2.0 W cm/K. 



7284        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Lindgren et al. 

Thermal Conductivity (Wcm/K) 

FIG. 4. Normalized intensity of the (220) diffraction peak as a function of 
thermal conductivity of the melt-spinning wheel. 

RESULTS AND DISCUSSION 

The ability to control the crystallographic orientation of 
the Terfenol-D ribbon is shown in Fig. 3, which is a plot of 
the amplitude of the (220) diffraction peak as a function of 
wheel velocity for the wheel with a thermal conductivity of 
2.0 W cm/K. While there is scatter in the trend of the ampli- 
tude of the (220) peak, especially at a wheel velocity of 8 
m/s, the data show that slower wheel velocities, and there- 
fore, lower cooling rates, yields ribbon with a greater amount 
of the (220) plane in the plane of the ribbon. Recall that this 
is the desired result as the [111] direction, the direction of 
maximum magnetostrictive displacement, is in the (220) 
plane. 

The systematic dependence of the crystallographic ori- 
entation on the cooling rate of the melt-spinning process is 
further shown in Fig. 4, which shows the amplitude of the 
(220) peak as a function of the thermal conductivity of the 
melt-spinning wheel. The amplitude for the diffraction peaks 
was taken for the melt spinning performed with a wheel ve- 
locity of 2 m/s, except for the wheel with the lowest thermal 
conductivity. To obtain continuous ribbons with this wheel, 
the velocity was set to 13 m/s. Figure 4 clearly demonstrates 
that lower values of the thermal conductivity of the melt- 
spinning wheel will result in a greater amount of the pre- 
ferred crystalline orientation in the Terfenol-D ribbons. 
Therefore, as illustrated by Figs. 3 and 4, it has been dem- 
onstrated that the velocity and composition of the melt- 
spinning wheel can be used to control the crystalline orien- 
tation of Terfenol-D. 

Figure 5 shows the magnetostriction of the ribbon melt 
spun at 2 m/s on the wheel composition with a thermal con- 
ductivity of 0.4 W cm/K for two different tensile stresses. 
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FIG. 5. Magnetostriction vs applied field for Terfenol ribbon melt spun on 
the wheel with a thermal conductivity of 0.4 W cm/K at 2 m/s. 

Each curve shows two magnetic-field sweeps overlaid. The 
data are repeatable (within 10% from day to day and when 
the stresses are removed and replaced). The detailed shape of 
the curve is quite similar to bulk Terfenol-D. This can be 
seen in the region around zero field where the double well 
shape is observed. The maximum magnetostriction was mea- 
sured to be 850X 10"6, about half that of high-quality bulk 
material. 

SUMMARY AND CONCLUSIONS 

The results that have been obtained demonstrate the abil- 
ity to manufacture continuous ribbons of Terfenol-D by melt 
spinning. The cooling rate of the solidification process was 
controlled by varying the velocity and the composition of the 
melt-spinning wheel. X-ray diffraction of the ribbons deter- 
mined that the greater amount of the desired crystalline ori- 
entation, with the (110) plane in the plane of the ribbon, was 
obtained for the slowest cooling rates of the melt-spinning 
process. Magnetostrictive measurements indicate that the rib- 
bons are not fully in the optimal crystalline orientation. The 
maximum value for the magnetostriction is approximately 
50% that of the high-quality bulk materials. 
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Amorphous ribbons of an alloy with the composition (Tb0 33Fe0 67)0 98B0 02, which exhibit good 
magnetostrictive properties at low magnetic fields, are bonded with a phenol-based binder to 
fabricate bulk composites. Efforts to determine optimum fabrication parameters are made by 
examining magnetic and mechanical properties of bulk compacts obtained at various fabrication 
conditions. From the binder content dependence of magnetostriction and compressive strength, the 
optimum binder content is estimated to be about 4.3 wt %, taking into account magnetostrictive and 
mechanical properties and the necessity of reducing nonmagnetic binder content. The two properties 
of magnetostriction and compressive strength vary nearly linearly with the compaction pressure; as 
the compaction pressure varies from 0.25 to 1.0 GPa, magnetostriction decreases but compressive 
strength increases, making it difficult to determine the optimum compaction pressure. A 
magnetostriction of 493 ppm (at 1.1 kOe) is achieved from the present bulk composites, together 
with a high d\ldH (sensitivity of magnetostriction with applied magnetic field) of 1 ppm/Oe. 
© 1998 American Institute of Physics. [S0021-8979(98)25811-7] 

Cubic Laves RFe2 (R: rare-earth elements) compounds 
possess giant magnetostriction at room temperature.1 How- 
ever, since the magnetocrystalline anisotropy of the com- 
pounds is also very large, intrinsically large magnetostriction 
is usually not realized at a magnetic field applicable in de- 
vice applications. Two methods have mainly been used: al- 
loy design and microstructural modification. In line with the 
latter method, it has been demonstrated for Dy-Fe,2 Tb-Fe,3 

and Tb-Dy-Fe alloys4 that very good magnetostrictive 
properties are achieved at low magnetic fields by grain re- 
finement or amorphization. Since grain refinement or amor- 
phization can most conveniently be done by melt spinning, 
the samples with good low-field properties are ribbon type 
and usually very brittle, which limit applications in the as- 
spun ribbon form. In an effort to solve this problem, rod- 
shaped composites are fabricated by combining amorphous 
melt-spun ribbons with a polymer binder. Amorphous rib- 
bons of a (Tb0 33Fe0 67)0 98B0 02 alloy, which were melt spun 
at a wheel velocity of 50 m/s, were used in the composite 
fabrication, since from the previous study3 they were ob- 
served to exhibit good magnetostrictive properties at low 
magnetic fields. It is expected that with the inclusion of a 
polymer binder the frequency limit of the materials can be 
extended to high region due to high resistivity of composites. 
Furthermore, this way of producing R-Fe-based magneto- 
strictive bulk materials is simple and cost effective over the 
currently popular directional solidification process. 

An alloy of (Tbo.33Feo.67)o.98Bo.02 was induction melted 

^Electronic mail: mmlshl@kistmail.kist.re.kr 

and then melt spun in an Ar atmosphere at a wheel velocity 
of 50 m/s. The resultant ribbons were crushed to powders 
with a size below 45 pan. The powders were then mixed with 
a phenol-type binder, the amount of which was varied from 
3.1 to 6.7 wt%. The mixed powders were compacted at 
varying pressures ranging from 0.25 to 1 GPa. Composites 
with high mechanical strength were finally obtained by cur- 
ing at 150 °C. The dimension of the present composites is 
3.5 mmX3.5 mmXlOmm (length). The microstructure of 
melt-spun ribbons was examined by x-ray diffraction and 
also by transmission electron microscopy. The magnetostric- 
tion (A.) of the ribbons was measured by a three-terminal 
capacitance method at magnetic fields (H) up to 8 kOe, 
while that of bulk composites by using a linear variable dif- 
ferential transformer type apparatus with a maximum mag- 
netic field of 1.1 kOe. In the case of bulk materials, compres- 
sive stress was applied to the specimen during the 
measurement. Magnetic properties of both melt-spun ribbons 
and composites were measured with a vibrating sample mag- 
netometer at magnetic fields up to 15 kOe. A mechanical 
tester was used to measure the compressive strength of cured 
composites. All the measurements were done at room tem- 
perature. 

The microstructure of the as-spun ribbons mainly con- 
sists of an amorphous phase with a trace of the crystalline 
TbFe2 phase. The magnitude of Hc of these ribbons is rela- 
tively low, being about 0.5 kOe, and, as expected, magneto- 
strictive characteristics are observed to be good, particularly 
at low magnetic fields. In Fig. 1 are shown the results for 
\-H plots for the as-spun ribbons. The value of X shown in 
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(Tbo.33Feo.67)o.98Bo.o2 in the as-spun state. 
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FIG. 2. The magnitude of Xy as a function of applied compressive stress 
during the measurement. The results are for the bulk composites fabricated 
at the compaction pressure of 0.5 GPa and the binder content of 6.7 wt %. 

Fig. 1 is obtained by the relation X = ^(\ll-\1). Here, Xy 

and X± are, respectively, the values of magnetostriction mea- 
sured in the parallel and the transverse directions in the rib- 
bon plane. The difference (\|| — Xx) corresponds to the peak- 
to-peak value when rotating in-plane magnetic fields are 
applied. The value of X is therefore the intrinsic magneto- 
striction at a given field, being independent of the domain 
structure. The reliability of the present magnetostrictive re- 
sults for the as-spun ribbons is found to be good, as can be 
judged from the small scatter in the measured data. The 
small magnitude of saturation magnetostriction, together 
with good low-field magnetostrictive properties, is character- 
istic of a material with an amorphous structure. 

One of the most important tasks during the fabrication of 
bulk composites is to conserve, as much as possible, the 
good magnetic and magnetostrictive properties of the melt- 
spun ribbons. As the process proceeds, however, these prop- 
erties steadily deteriorate; for example, the (average) value 
of Hc of final bulk composites is increased to 1.0 kOe from 
the initial (average) value of 0.5 kOe of the melt-spun rib- 
bons, the largest increase of Hc being observed during the 
milling process. It is worth noting here that saturation mag- 
netization (actually, magnetization at 15 kOe, M15) remains 
nearly unchanged during the whole process; rather, a slight 
increase is observed from 53.4 to 56.5 emu/g during the 
compaction process to form green compacts. No deteriora- 
tion of M15 indicates that all fabrication processes are well 
controlled. This is of particular importance, since some of 
the processes such as pressing were performed in air. This is 
made possible by the fact that each powder is completely 
coated by the binder, thus preventing powder/air contact. 
During the early stage of work when the fabrication condi- 
tions were not optimized, a very large reduction of M15 oc- 
curred during the fabrication processes involving air atmo- 
sphere, due to the incomplete coverage of powders with 
polymer binder. 

Magnetostriction of bulk composites was measured only 
in the parallel (length) direction, since, with the present 
sample dimension, demagnetizing fields are very large in the 
transverse direction and, furthermore, an accurate estimation 
of them is not easy in this direction. It is noted that, from the 

applications point of view, the magnitude of XB is much more 
important than that of X± , since the applied magnetic field is 
usually in the length direction. Unlike X, the magnitudes of 
X|| and X± depend on the domain structure, and therefore, 
they are expected to vary with applied (compressive) stress, 
the spin direction being affected via magnetoelastic interac- 
tions. The results for XB are shown in Fig. 2 as a function of 
applied compressive stress during the magnetostriction mea- 
surement. The results are for the sample fabricated at a com- 
paction pressure of 0.5 GPa and a binder content of 6.7 
wt %. The value of Xj increases with increasing compressive 
stress. This is expected since more spins can be directed 
towards the transverse direction by the application of larger 
compressive stress. Saturation in the plot of XB versus ap- 
plied compressive stress is reached at about 16 MPa, indicat- 
ing that at this stress spins are aligned nearly completely in 
the transverse direction. In later measurements, the applied 
compressive stress is fixed at 16 MPa. 

Magnetic (including magnetostrictive) and mechanical 
properties of bulk composites with varying binder contents 
from 3.1 to 6.7 wt % were investigated and some results for 
X.|| and compressive strength are shown in Figs. 3(a) and 
3(b), respectively, for the samples fabricated at a fixed com- 
paction pressure of 0.5 GPa. It is seen from the figures that 
the magnitude of Xy is increased substantially as the binder 
content is varied from 3.1 to 4.3 wt %, but is little affected 
by further increase of the binder content. The small magne- 
tostriction at the low binder content may result from the fact 
that the strain produced in a particle does not transfer effi- 
ciently to neighboring particles due to the lack of binder. On 
the other hand, compressive strength increases continuously 
with increasing binder content. Although large mechanical 
strength is desirable in some applications, it is also important 
to reduce the amount of nonmagnetic binder content in order 
to have a material with a high performance/volume ratio. 
With this consideration, the optimum binder content is con- 
sidered to be around 4.3 wt %, large magnetostriction being 
combined with relatively large compressive strength. How- 
ever, in some applications where large compressive strength 
is required, composites with a high binder content may pref- 
erably be used. 
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FIG. 3. The magnitude of (a) X( (measured at a compressive stress of 16 
MPa) and (b) compressive strength as functions of the binder content. The 
composites are fabricated at a fixed compaction pressure of 0.5 GPa. 

In Figs. 4(a) and 4(b) are shown the results for \B and 
compressive strength as functions of the compaction pres- 
sure. The compaction pressure is varied from 0.25 to 1.0 GPa 
and the results shown in Figs. 4(a) and 4(b) are for the com- 
pacts with a fixed binder content of 4.3 wt %. From these 
figures it is observed that, as the compaction pressure in- 
creases, the magnetic property of Xy deteriorates, while the 
mechanical property of compressive strength improves. 
Since the compaction pressure dependence of the two prop- 
erties varies nearly linearly, it is hard to decide the optimum 
compaction pressure. Rather, the compaction pressure can be 
determined depending on particular applications; for ex- 
ample, in applications where large magnetostriction is re- 
quired but mechanical strength is not of prime importance, 
bulk samples fabricated at low compaction pressure may be 
used. 

The highest (average) magnitude of X.J obtained in this 
work is just below 500 ppm (493 ppm), which is equivalent 
to the value of 329 ppm for X, with the assumption of com- 
plete spin alignment in the transverse direction via magneto- 
elastic interactions by the applied compressive stress during 
the measurement. The value of X. estimated from the bulk 
composites is higher than the value of 310 ppm obtained for 
the melt-spun ribbons. The increase of the "intrinsic" \ 
value for the bulk composites, though very small, is not 
clearly understood. One possibility is that a small portion of 
an amorphous phase is transformed into the crystalline phase 
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FIG. 4. The magnitude of (a) Xy (measured at a compressive stress of 16 
MPa) and (b) compressive strength as functions of the compaction pressure. 
The composites are fabricated at a fixed binder content of 4.3 wt %. 

in the course of the bulk fabrication. This may also explain a 
slight increase of Af 15 of bulk composites, compared with the 
initial melt-spun ribbons. 

Equally good magnetostrictive properties are also ob- 
tained at intermediate magnetic fields. For example, at a 
magnetic field of 0.64 kOe (which is the smallest magnetic 
field applied to measure the melt-spun ribbons), the magni- 
tude of A. n for bulk composites is 384 ppm (which is equiva- 
lent to the intrinsic value of 256 ppm). This value is nearly 
equal to the value of 260 ppm for the melt-spun ribbons. 
However, at magnetic fields below 0.2 kOe, the magneto- 
striction of the bulk composites is very small. This can be 
actually expected by the increase of Hc during the fabrica- 
tion processes, since low-field magnetostrictive properties 
are sensitive to Hc .5 The problem of small low-field magne- 
tostriction may be solved by the application of a bias mag- 
netic field. In applications, the sensitivity of magnetostriction 
with magnetic field (d\ldH) as well as the absolute magni- 
tude of magnetostriction is considered to be an important 
property. In this work, a high sensitivity of over 1 ppm/Oe is 
also achieved in the present bulk composites. 

1 A. E. Clark, in Ferromagnetic Materials, Vol. 1, edited by E. P. Wohlfarth 
. (North-Holland, Amsterdam, 1980), Chap. 7. 
2S. H. Lim, T. H. Noh, I. K. Rang, S. R. Kim, and S. R. Lee, J. Appl. Phys. 

76, 7021 (1994). 
3S. H. Lim, S. R. Kim, and H. J. Kim, IEEE Trans. Magn. 32, 4770 (1996). 
4S. H. Lim, S. Y. Kang, and S. R. Kim, IEEE Trans. Magn. 33, 3943 

(1997). 
5S. R. Kim, S. Y. Kang, and S. H. Lim, J. Korean Inst. Metals Mater. 35, 

1386 (1997). 
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Piezomagnetic properties, saturation magnetostriction, and A£ effect 
in DyZn at 77 K 
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Young's modulus, magnetization, and magnetostriction measurements were made as a function of 
applied magnetic field (0<H<160kA/m) and compressive stress (8.5 MPa<|7]<57.3 MPa) in 
[100] single crystal DyZn at 77 K. Piezomagnetic d constants greater than 300 nm/A and changes 
in Young's modulus greater than 40 GPa were found. Pronounced features are abrupt changes in the 
elastic moduli, magnetostriction, and coupling factors arising from "jumps" in the magnetization 
occurring as the moment changes from one easy [100] axis to another. The characteristic magnetic 
fields at which this change occurs depend strongly upon the stress induced magnetic anisotropy. 
Magnetomechanical coupling factors reach 0.91. © 1998 American Institute of Physics. 
[S0021-8979(98)34511-9] 

I. INTRODUCTION 

Morin et al.l have shown that large values of magneto- 
striction exist in rare-earth-zinc compounds having the CsCl 
structure. These values are only slightly smaller than those 
found in the heavy rare earth elements themselves. Recently, 
measurements of the piezomagnetic properties were reported 
for single crystal Tb,_^DyxZn for x = 0, 0.4, and O.5.2"4 

From these observations and more extensive magnetization 
and magnetomechanical measurements on polycrystals, a 
magnetic easy axis phase diagram for Tbj^Dy^Zn (0 
^x^0.5) was obtained.3'5 In this article, we report measure- 
ments of piezomagnetic properties of DyZn at 77 K that 
occur during the magnetization process and compare these 
measurements with those for TbZn, Tbo.6Dyo.4Zn, and 
Tb05Dyo.5Zn. In all the measured rare-earth-zinc compounds 
to date, the (100) axes are the easy magnetization axes at 77 
K and huge magnetostrictive distortions occur as the magne- 
tization changes from one easy direction to another. In the 
following sections, piezomagnetic d constants, permeabili- 
ties, and Young's moduli under constant magnetic field, YH, 
and magnetic induction, YB, are reported. From these mea- 
surements, magnetomechanical coupling factors were calcu- 
lated. 

II. EXPERIMENT 

Single crystals of DyZn were prepared at the Materials 
Preparation Center, Ames Laboratory, Ames, IA by a Bridg- 
man growth technique using sealed Ta crucibles.6 For this 
study a large cylindrical single crystal sample 
(1.92cmX0.65 cmdiam) with its axis oriented along the 
easy [100] direction was selected. Compressive stresses 
8.5MPa<|T|<57.3MPa and magnetic fields 0<H 
< 160 kA/m were applied along the long dimension of the 
cylinder. Magnetostriction as a function of H was obtained 
by (1) conventional strain gage methods and (2) LVDT's po- 

sitioned to measure overall sample length changes. The mag- 
netization was determined simultaneously by integrating the 
voltage of a pickup coil wound around the center of the 
sample. The results are shown in Fig. 1. Compressive 
stresses lower the energies of the [010] and [001] easy direc- 
tions perpendicular to the rod axis. (Only a small compres- 
sive stress is needed to rotate all of the magnetic moments 
toward the perpendicular easy axes.) The presence of a rela- 
tively strong magnetocrystalline anisotropy can be seen in 
the magnetization versus field and the magnetostriction ver- 
sus field curves. As a magnetic field is applied, three distinct 
magnetic regions are observed: (1) a low field region con- 

-150   -100    -50       0       50      100 
Applied Field (kA/m) 

150 

a)Electronic mail: restorff@oasys.dt.navy.mil 

FIG. 1. Magnetization and magnetostriction vs magnetic field of single crys- 
tal DyZn along the easy [100] axis at 77 K for stresses from -8.5 to 
-57.3MPa. 
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sisting of a stress controlled magnetic moment rotation away 
from the perpendicular easy axes, (2) a region of high per- 
meability and magnetostriction where the magnetic moments 
jump discontinuously from a direction near the perpendicular 
easy axes to the easy [100] axis along the rod, and (3) mag- 
netic saturation. The region of high permeability and magne- 
tization "jumping" broadens as the compressive stress is 
increased. We attribute this broadening to stress inhomoge- 
neities within the sample giving rise to 90° domains which 
are mobile at fields below those required for magnetization 
rotation. 

Young's moduli under constant magnetic field, YH, and 
under constant magnetic induction, YB, were measured as a 
function of magnetic field at fixed stresses, T, of —24.8 and 
- 44 MPa. These moduli were obtained by changing the 
stress by ±3.25 MPa and measuring the average strain reg- 
istered by two strain gages attached on opposite sides of the 
sample for different values of the applied field. 

III. THEORY 

For a simple single domain magnetization rotation pro- 
cess in cubic compounds, which is applicable to DyZn in the 
low field magnetization region, the energy can be written as 
a sum of a Zeeman term, magnetocrystalline anisotropy 
terms, stress anisotropy terms, and an elastic term, as fol- 
lows: 

+ K2a\a\a\-{m)\mTa{a1
iß

2
i)-(lß)) 

-(3/2)\lnTXi^jaiajßißj + Eel. 

Here Ms denotes the saturation magnetization in tesla; Xi00 

and X.m are the cubic magnetostriction constants; Kt and K2 

are the fourth order and sixth order cubic anisotropy con- 
stants, a, and ßt are the direction cosines of the magnetiza- 
tion and stress direction, respectively; and Eel is the conven- 
tional elastic energy expression for cubic crystals. (Since K^ 
is strongly positive and the magnetization remains in the 
(001) plane, the \ni term can be neglected.) 

Figure 2 illustrates the magnetic behavior for (3/2)X.100 

= 4.8XKT3 and MS=2.0T, using values of Kx=\, 3, 5 
(X 105 J/m3). Three regions, similar to the three observed in 
DyZn, are predicted for all values of K2> - 2 X 106 J/m3. In 
the low magnetic field region, the susceptibility, dMIdH, is 
given by M2

s/(2Ki-3XmT), and the piezomagnetic d con- 
stant, d\m/dH, is given by 3\mTM2H/(2Kl-3\i0QT). 
As K\ is increased, the susceptibility decreases and the 
jumping region moves to lower fields. For Ä^-*00, HsM 

—>-(3/2)\10077Ms. From these expressions values of Kl 

can be obtained. In the magnetization jumping region, the 
susceptibility is given by l/N and the piezomagnetic constant 
is given by (3/2)\m/NMs, where N is the demagnetization 
factor. For very large negative values of K2, the magnetiza- 
tion jumps out of the (100) plane toward a (111) direction 
and back into the (100) plane, yielding two discontinuities in 
the magnetization and magnetostriction curves as seen in 
Fig. 2(b). This is not observed in DyZn. 
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FIG. 2. Magnetization vs magnetic field for the single domain rotation 
model in cubic single crystals with field parallel to [100], \100=3.2X 10~3 

andAfs = 2.0T. 

It is important to note that the total lowest order anisot- 
ropy constant, Kj0T, in magnetostrictive materials has two 
sources: (1) an intrinsic source, Kx, and (2) a contribution 
which arises from the magnetostriction through the elastic 
energy term, AKX. When a cubic material is free to strain 
under magnetization rotation (constant external stress), the 
presence of magnetostriction gives rise to a contribution to 
the anisotropy not included in the Kx term above. (For a 
clamped lattice, there is no magnetostrictive contribution to 
the anisotropy.) Substituting equilibrium strains into the elas- 
tic energy term above yields the total value of Kx (at con- 
stant stress) to be: 

^OT=^1 + (9/4)[(c11-c12)X?00-2c44X?11]. 

IV. DISCUSSION 
^TOTj From the low field region of Fig. 1, the value of K['Ui for 

DyZn is found to be 2.9X 105 J/m3. In Table I are compared 
the values of A^01 calculated for DyZn, Tb06Dy04Zn, 
Tb0.5Dy0 5Zn, and TbZn. Also, in the table, calculated values 
of AÄ-!, using elastic constants reported by Morin and 
Schmitt7 are listed for DyZn and TbZn. The calculated con- 

^TOT tributions to K[     from the magnetostriction are substan- 
tially larger than those observed in the DyZn and TbZn com- 

= (9/4)(cu- -c12)Xt00at77K. 

DyZn 
(X105 J/m3) 

Tbo.5Dyo.5Zn 
(X105 J/m3) 
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(X105 J/m3) 

i^-TOT 
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-* 1 ^ 
■2 60 *    (b)   T= -44.0 MPa 
T3 

TABLE II. Relative permeability, ßR, piezomagnetic d constant, d, 
Young's moduli, YH and YB, and magnetomechanical coupling factor, k, of 
DyZn at 77 K. * = (1 - YHIYB)m. 

50 100 

Applied Field (kA/m) 

150 

FIG. 3. Young's Moduli, YH and YB, of single crystal DyZn along the easy 
[100] axis at 77 K for stresses of (a) -24.8 and (b) -44.0 MPa. 

pounds. Thus we conclude that the major source of K]
OJ

 is 
not the intrinsic anisotropy, but the contribution arising from 
the change in anisotropy with strain, i.e., the magnetostric- 
tion. 

For technical purposes, it is often important to know the 
modulus of the magnetostrictive material. In the region of 
magnetization jumping, where the material is most useful, 
the modulus is substantially lowered (A£ Effect) due to easy 
domain wall motion. As a stress is applied in this region, the 
sample changes length by the softer magnetization process 
rather than by the much suffer interatomic elasticity. Thus in 
a magnetically free sample, a dip is observed in the elastic 
modulus (YH) as a function of magnetic field. This dip is 
always reduced when the induction B is kept fixed as the 
stress is applied. In a material containing a single domain, 
the dip in YB disappears completely because the length 
change occurs only by the compression of atomic distances 
between the atoms. In a multidomain sample, 90° domain 
walls are often redistributed by the stress, resulting in a soft- 

T H d Y" YB 

(MPa) (kA/m) PR (nm/A) (GPa) (GPa) k 

-11.8 30 110 360 
-24.8 31 54 295 5.0 30 0.91 
-44.0 54 30 140 6.6 28 0.87 

ening of the sample even though the total induction B is kept 
constant. The extent of the YB dip depends upon the ease of 
antiparallel 90° domains moving with respect to antiparallel 
180° walls. 

In Fig. 3 are plotted Young's moduli YH and YB for 
compressive stresses of - 24.8 and - 44 MPa. Note the large 
A£ effect. A maximum of YB/YH^6 is reached during the 
magnetization process. Since the magnetomechanical cou- 
pling fc=(l -YHIYB)V1, these results imply highly efficient 
transduction. Table II lists values of the piezomagnetic d 
constants, permeabilties, Young's moduli, and magnetome- 
chanical coupling factors for stresses of -13.3, -31.1, and 
-44.0 MPa. The high coupling factors, high saturation mag- 
netostriction, and high magnetization make the Tb^^Dy^Zn 
compounds attractive materials for low temperature actura- 
tors, valves, and transducers. 
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X-ray magnetic circular dichrpism (XMCD) measurements have been performed under high 
pressure and used to study the disordered Fe72Pt28 Invar alloy in conjunction with x-ray diffraction. 
The high spin to low spin state transition is observed by both techniques and is compared with 
previous work. Furthermore, XMCD gives the first evidence of the complete disappearance of the 
magnetic moment at high pressure in this alloy. It also proves the existence of an hysteresis cycle 
due to the pressure-dependent magnetic moment. © 1998 American Institute of Physics. 
[S0021-8979(98)41011-9] 

INTRODUCTION 

Many transition metal alloys have been found to present 
magnetic volume instabilities. In certain composition range, 
binary and ternary alloy systems show Invar behavior.1 In 
such systems, the thermal expansion is invariant in a large 
temperature range about the room temperature. Theoretical 
calculations2 have shown the coexistence of two magnetic 
states energetically closed (about 1.5 mRy) in these systems: 
a high spin state (HS) centered at high volume with a large 
magnetic moment and a low spin state (LS) centered at low 
volume with a small magnetic moment. At low temperature, 
the HS state is totally occupied. With increasing temperature, 
population of the LS state is expected leading to an equal 
occupation of the two states at high temperature. Thus the 
Invar anomaly is explained with the compensation of the 
lattice expansion by the occupation of this low spin and low 
volume state. The Fe72Pt28 compound is known to be a 
strong ferromagnet showing an Invar anomaly. In the special 
case of the ordered Fe3Pt,3 calculations have predicted a 
pressure-induced transition from the HS to the LS state, i.e., 
a collapse of the magnetic moment. Mossbauer-effect spec- 
troscopy experiments4 have given experimental evidence of 
this transition. 

X-ray magnetic circular dichroi'sm5 (XMCD) appears to 
be a meaningful technique in probing the magnetic proper- 
ties of matter because of its double selectivity (element and 
orbital). In this paper, we will present the first high-pressure 
XMCD measurements which have been performed on the 
disordered Fe72Pt28 compound at the PtL3 edge. High- 
pressure diffraction experiments have also been carried out 
and we will discuss the magnetic behavior of the compound 
in view to its structural properties. 

HIGH-PRESSURE DIFFRACTION EXPERIMENTS 

Figure 1 shows the evolution of the lattice constant with 
pressure for the disordered Fe72Pt28 alloy obtained by the 
high-pressure diffraction experiments. From the discontinu- 
ity of the lattice constant expansion rate corresponding to a 
change of the compressibility coefficient we have found that 
the transition from the mixture of HS and LS states to a pure 
LS one is complete at a critical pressure of about 4 GPa. 
Below 4 GPa, the lattice parameter decrease is due to the 
sample compression and the HS/LS transition. Above 4 GPa, 
the only contribution to the lattice parameter decrease is the 
sample compression in the LS state. The fact that no differ- 
ence in the five fee structure diffraction lines indexing were 
detected below and above the critical pressure shows that no 
structural phase transition occurs. In the whole pressure 
range, the fee lattice remains stable. 
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FIG. 1. Lattice parameter as a function of pressure for the Fe72Pt28 disor- 
dered compound. 
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In the pressure ranges below and above 4 GPa, the lat- 
tice constant pressure dependence can be well fitted with the 
Murnaghan equation at the first order: 

a = a0(l+B'0P/B0y
WBo, 

where B0 and B'G are, respectively, the bulk modulus and its 
first derivative at P=0. We find the bulk modulus values of 
78±8 and 167±7GPa, respectively, below and above 4 
GPa. 

Ultrasonic waves experiments6 (USW) have been made 
on the Fe72Pt28 disordered crystal. They have found at room 
pressure and room temperature a value of 114 GPa for the 
bulk modulus which is very much larger than the one we 
have found (78 GPa). The difference between the two values 
could be explained by the fact that ultrasonics measurements 
at room pressure do not provoke the HS/LS transition. The 
only contribution to the bulk modulus is the sample compres- 
sion in the mixture of the HS and LS state. Therefore the 
bulk modulus deduced from ultrasonics has to be compared 
with that measured in a state where no magnetovolumic ef- 
fect takes place, i.e., in the pure LS state. From the ß0 and 
B'Q parameters values above 4 GPa, we have extrapolated the 
bulk modulus of the LS state with a lattice parameter corre- 
sponding to the room pressure one. We have found a value 
of 167 GPa; the sample in the mixture of the HS and LS state 
is more compressible than in the LS state. Since the com- 
pressibility is directly related to the number of bonding elec- 
trons, in a crude approximation, more electrons are involved 
in the LS state binding than in the HS one. Podgorny7 has 
calculated the electronic contribution in the bonding of 
Fe-Pt alloys. In strong ferromagnets such as Fe72Pt28 in the 
HS state, the majority Fe 3d band is full and has no bonding 
properties. He has shown that the electrons implied in the 
binding of Fe-Pt alloys are mainly from the Fe 3d minority 
band hybridized with the Pt 5d minority band. Under com- 
pression, the number of Fe minority electron increases lead- 
ing to a magnetic moment decrease. This may support our 
view concerning the number of electrons implied in the 
bonding since the LS phase corresponds to the magnetic state 
at high pressure. 

HIGH-PRESSURE XMCD EXPERIMENTS 

The high-pressure XMCD experiments have been car- 
ried out on the energy dispersive x-ray absorption beamline 
Dll at DCI, Orsay. The polychromator was a bent silicon 
(111) crystal, focusing right at the sample position located 
between the poles of an electromagnet (0.3 T), where the 
high-pressure cell is placed. Right circularly polarized pho- 
tons were selected by a slit set 0.3 mrad below the orbit 
plane of the storage ring and the magnetic field was reversed 
to make the XMCD measurements. 

Figure 2(a) presents the XMCD spectra at 2.5 GPa of the 
disordered Fe72Pt28 at the PtLm edge and the signal obtained 
is directly related to the magnetic moment of the Pt 5d band. 
Our results at room pressure are in good agreement with 
former works which have been made on this compound.8 

The existence of the XMCD spectra shows a spin polariza- 
tion of the Pt 5d band induced by the Fe 3d band. This 

FIG. 2. (a) Normalized XMCD signal at the Pt Lm edge of the disordered 
Fe72Pt28 compound at 2.5 GPa. (b) Evolution of the XMCD integral at 
increasing (full circle) and decreasing (empty circle) pressure. 

polarization results from two factors: the Fe spin polariza- 
tion, which depends on the Fe-Fe distance, and the Fe-Pt 
hybridization. The sign of the spectra indicates a ferromag- 
netic coupling between the Pt and the Fe moments. 

Figure 2(b) shows the integral of the spectra of the dis- 
ordered Fe72Pt28 at different pressures. For the disordered 
alloy, an increase of the pressure from 2 to 4 GPa decreases 
the XMCD signal and indicates a magnetic phase transition. 
From 4 GPa, the signal is stabilized with a lower intensity, 
and we attribute this first magnetic phase transition to the 
well-known transition from the mixture of the HS and the LS 
state to the pure LS state. 

Around 13 GPa, the XMCD signal decreases drastically 
and vanishes totally above a critical pressure of 20 GPa. This 
is the first experimental evidence of a pressure-induced mag- 
netic moment collapse in this compound. The disordered 
Fe72Pt28 undergoes a magnetic transition from the LS state to 
a nonmagnetic state (NM) as expected from theoretical 
calculations.3 

The first transition from the HS to the LS state has al- 
ready been observed at 4.2 K at about the same pressure by 
Abd-Elmeguid et al. using 57Fe high-pressure Mössbauer 
spectroscopy (MS).4 In addition, MS follows the pressure 
dependence of the Curie temperature. At about 8.2 GPa, the 
Tc of the disordered phase is 40 K which is in contradiction 
with the existence of a XMCD signal above this pressure at 
room temperature. MS experiments have also been per- 
formed on the ordered phase of the Fe72Pt28 compound and 
the transition from the HS to the LS state has been observed 
at a critical pressure of 6 GPa. A pressure dependence of the 
Curie temperature has been observed and the value of Tc at 
7.1 GPa is about 110 K. 

We have also measured the pressure-dependent XMCD 
signal of the ordered phase of Fe72Pt28 at 300 K. The XMCD 
signal decreases before 6 GPa and at about 9 GPa the signal 
is already very small. The XMCD magnitude decreases be- 
cause of the concomitant pressure dependence of the Curie 
temperature and the HS-LS transition. In the special case of 
the ordered phase, the transition from the HS to the LS state 
followed by XMCD seems to be hidden by the thermal de- 
crease of the magnetization. 
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FIG. 3. Magnetization as a function of temperature for the ordered and 
disordered Fe72Pt28 compound. 

The temperature dependence of magnetization has been 
investigated for the two phases (Fig. 3). Compared to the 
ordered phase, the decrease of magnetization of the disor- 
dered phase is very soft around the Curie temperature. In the 
disordered phase, the Pt and Fe atoms are randomly distrib- 
uted over all the sites of the fee structure which leads to local 
fluctuations of concentration. Spatial inhomogeneities can 
lead to variations of Curie temperature which broadens the 
distribution of the magnetization curve. Under compression, 
the difference of the Curie temperature between various do- 
mains may be enhanced leading to a broadening of the para- 
magnetic transition width: at high pressure the magnetization 
should still remain well above the Curie temperature. 

In the disordered compound, the flat part of the XMCD 
curve in the pressure range above 4 GPa proves that the 
system is in the LS state. According to MS results, the Curie 
temperature is around room temperature in the pressure 
range of the HS/LS transition and the thermal decrease of the 
magnetization is an additional cause of the decreasing 
XMCD signal. In parallel, we have to consider the increase 
of Pt spin polarization due to the strengthening of hybridiza- 
tion with pressure which leads to the opposite trends, i.e., an 

increase of the XMCD signal. At the Pt L edges, XMCD 
probes the 5d band of platinum and according to other 
studies9 the orbital moment of the 5d band is less than 10% 
of the total magnetic moment. Consequently, the XMCD sig- 
nal is directly related to the spin polarization of the 5d. 
Because of the volumic compression, the overlap between 
the Fe 3d band and the Pt 5d band increases leading to a 
larger spin polarization of the platinum induced by the hy- 
bridization with the spin polarized 3d band of iron. This 
reinforcement of hybridization counterbalances part of the 
decrease of the spin polarization of platinum. This effect 
may fully counterbalance the decrease of the XMCD signal 
expected from thermal effects. 

When the pressure is released, the XMCD signal of the 
disordered phase appears at about 5 GPa and finally the in- 
tegral of the XMCD signal at room pressure is stabilized at a 
value which is lower than the initial HS state one. At the 
same time, diffraction experiments have shown that the vol- 
ume of the sample after releasing the pressure is the same as 
the one obtained in the HS initial state. We have clearly 
shown that the Fe72Pt28 alloy undergoes directly the transi- 
tion from the NM to the HS states when the pressure is 
released. The existence of such a cycle of hysteresis in the 
evolution of the magnetic moment is in good agreement with 
the calculations of Podgorny.3 This proves that such com- 
pounds can have different magnetic states with the same 
crystallographic structures, depending on the history of the 
system. 

1E. F. Wassermann, in Ferromagnetic Materials, edited by K. H. J. Bus- 
chow and E. P. Wohlfarth (North-Holland, Amsterdam, 1990), Vol. 5, p 
238. 

2V. L. Moruzzi, Phys. Rev. B 41, 6939 (1990). 
3M. Podgorny, Physica B 161, 105 (1989). 
4M. M. Abd-Elmeguid and H. Micklitz, Phys. Rev. B 40, 7395 (1989). 
5G. Schütz et al., Phys. Rev. Lett. 58, 737 (1987). 
6L. I. Manosa et al., J. Phys.: Condens. Matter 3, 2273 (1991). 
7M. Podgorny, Phys. Rev. B 43, 11300 (1991). 
8S. Stähler et al., J. Appl. Phys. 73, 6063 (1993); H. Ebert et al, Solid 

State Commun. 69, 485 (1989). 
9W. Grange and J. P. Kappler (private communication). 
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To obtain FeB amorphous plated films with soft magnetization and high magnetostriction, effects of 
three kinds of agents [sodium L-ascorbate (C6H7Na06), thiourea (NH2CSNH2), and ammonium 
sulfate ((NH4)2S04)] on magnetic and magnetoelastic properties of films were investigated 
systematically. The first two agents, C6H7Na06 and NH2CSNH2 were found to be ineffective for 
improving the soft magnetic properties of films. To the contrary, however, (NH4)2S04 is very 
effective for the magnetic softening: Amorphous FeB plated films with coercivity less than 4 Oe 
were obtained by employing the bath composition of FeS04-7H20 (71.9 mM), KBH4 (296.6 mM), 
NaOH (400 mM), KNaC4H406-4H20 (600 mM) and (NH4)2S04 (80 mM). These soft films 
exhibited a favorable large magnetostriction of 26X 10~6, being adequate for micromagnetoelastic 
devices.   © 1998 American Institute of Physics. [S0021 -8979(98)41111-3] 

I. INTRODUCTION 

Recently, we have demonstrated that amorphous FeB 
films are obtained by electroless plating.1 The resultant film 
thickness was, however, very thin due to low catalytic activ- 
ity of iron. To overcome this problem, we employed electro- 
plating technique and showed that thick amorphous FeB 
films can be formed by carefully controlling the bath tem- 
perature and current density.2 The plated films unfavorably 
exhibited hard magnetic properties (20-50 Oe coercivity) 
and small magnetostriction, although the alloy film prepared 
by physical means such as sputtering generally has very soft 
magnetization and large magnetostriction simultaneously. 
Thus, magnetic softening of the plated films has become in- 
dispensable for using the films in practical micromagne- 
toelastic devices.3 

Certain agents for reducing the coercivity of plated alloy 
films exist with the choice depending on the alloy systems 
and the plating mechanism. For instance, Kim et al.A showed 
that sodium L-ascorbate (C6H7Na06), acting as an oxidation 
prevention agent for ferrous ion, was effective for the mag- 
netic softening of NiFe electroless plated films. For CoNiFe 
plated films, however, thiourea (NH2CSNH2) is useful, be- 
cause NH2CSNH2 causes the reduction in CoNiFe grain 
sizes, yielding the reduction in coercivity of the alloy films.5 

Appropriate choice of complexing agent can also lead to the 
magnetic softening, as is the case for the CoB electroless 
plated films of Osaka et al.,6 made with a combined com- 
plexing agent of sodium tartrate (Na2C4H406-2H20) and 
ammonium sulfate ((NH4)2S04). 

In this study, therefore, the effects of the above three 
kinds of agents (C6H7Na06, NH2CSNH2, and (NH4)2S04) 
on magnetic and magnetoelastic properties of amorphous 
FeB plated films have been investigated, so as to obtain elec- 
trochemically an alloy film with soft magnetization and large 
magnetostriction which are comparable to those of sputtered 
films. 

II. PLATING OF AMORPHOUS FeB FILMS 

Let us briefly describe the plating conditions for obtain- 
ing amorphous FeB film, because the effects of all additional 
agents were studied based on the original conditions. Table I 
shows the composition of original plating bath; iron sulfate 
(FeS04-7H20) and potassium borohydride (KBH4) were 
used as the sources for iron and boron. Sodium hydroxide 
(NaOH) was used as a pH control agent, while potassium 
sodium tartrate (KNaC4H406-4H20) was used as a complex- 
ing agent. The plating bath was prepared, by first dissolving 
the KNaC4H406-4H20 in distilled water, whose temperature 
was about 25 °C. Then, the FeS04-7H20 was added and dis- 
solved. After dissolving FeS04-7H20 completely, the NaOH 
solution and KBH4 were added. The preparation procedure 

TABLE I. The basic plating bath compositions. 

Iron sulfate FeS04-7H20 71.9 mM 
Potassium borohydride KBH4 296.6 mM 
Sodium hydroxide NaOH 400 mM 
Potassium sodium tartrate KNaC4H406-4H20 318.9 mM 
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FIG. 1. Coercivity vs C6H7Na06 concentration in bath. 
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FIG. 2. Coercivity vs NH2CSNH2 concentration in bath. 

of plating bath as well as the amount and the temperature of 
distilled water in which KNaC4H406-4H20 was dissolved 
are very important for preventing the precipitation of iron 
hydroxide. The bath temperature during the film deposition 
was kept below 35 °C, because the alloy film with amor- 
phous structure could not obtained when the film was formed 
at above that temperature. With the current density of 
1 A/dm2, amorphous Fe80B20 film with about 1 /jm thickness 
was formed after 30 min. deposition. 

III. EXPERIMENT 

The effects of additional agents were studied by dissolv- 
ing the individual agents into the bath solution (Table I). The 
bath with C6H7Na06 was obtained by dissolving C6H7Na06 

(5.04-10.1 mM) prior to dissolving KNaC4H406-4H20. In 
this case, the concentration of KNaC4H406-4H20 was 600 
mM. The bath with NH2CSNH2 was prepared by dissolving 
NH2CSNH2 (0.263-1.31 mM) into the base solution after all 
other ingredients were mixed without changing the original 
composition. As for the bath with (NH4)2S04, (NH4)2S04 

(0-100 mM) was added into the base solution after dissolv- 
ing KNaC4H406-4H20. In this case, however, the concentra- 
tion of KNaC4H406-4H20 was changed, ranging from 
200 to 600 mM. The reason is that (NH4)2S04 and 
KNaC4H406-4H20 form a combined complex agent, and the 
complexing effect of the combined agent is presumably gov- 
erned by this ratio. 

In all cases, bath temperature was maintained at 30 
± 2 °C during the film formation by using automatic thermo- 
stat mechanism equipped for the bath. The film substrates 
were copper foils and glass plates covered with Cu (100 /jm 
thick)/Cr (50 ^tm thick) double layers. The Cr underlayers, 
which were directly deposed on the glass plates, were used to 
prevent the exfoliation of the top Cu layers during plating. 

IV. RESULT AND DISCUSSION 

Figure 1 shows the change in coercivity of films versus 
the concentration of C6H7NaOe. Although C6H7Na06 was 
expected to be effective for magnetic softening by decreasing 
the dissolved oxygen and preventing oxidation of ferrous ion 
in the bath, no apparent change in the coercivity of amor- 
phous FeB plated film was observed. This indicates that the 

hard magnetic properties of films are not caused by the dis- 
solved oxygen in the bath. The amount of dissolved oxygen 
in the bath is unclear, but is considered to be negligible. This 
is because KBH4 as the boron supplier also acts as a reducing 
agent whose reducing power is presumably sufficient for re- 
ducing the dissolved oxygen without C6H7NaOe. 

Figure 2 shows the change in coercivity of films versus 
the concentration of NH2CHNH2, where the current intensity 
i is taken as a parameter. The coercivity of films unfavorably 
increased by the addition of NH2CHNH2 to about 100 Oe, 
suggesting the existence of crystal phase in films. In fact, 
x-ray diffraction peaks corresponding to a-Fe phase were 
observed for these films. This situation is well explained 
from Fig. 3, showing that the boron content of these films is 
markedly reduced by the addition of NH2CHNH2, which re- 
sults in the change in crystallographic structure of films from 
amorphous to polycrystalline. Then, in our plating system, 
NH2CHNH2 is less attractive agent for magnetic softening of 
amorphous FeB films. 

Contrary to the above two cases, addition of (NH4)2S04 

was found to be very effective for reducing the coercivity of 
plated films. Figure 4 shows a coercivity map, in which co- 
ercivities of the films are plotted as a function of the concen- 
trations of both (NH4)2S04 and KNaC4H406-4H20. The film 
coercivities vary depending strongly on the concentrations of 
KNaC4H406-4H20 and (NH4)2S04, but in general they be- 

0 0.4 0.8 1.2 
Concentration of NH2CSNH2 (mM) 

FIG. 3. Boron content vs NH2CSNH2 concentration in bath. 
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FIG. 4. Coercivity of the film vs KNaC4H406 and (NH4)2S04 concentration 
in bath. 

come smaller when the concentrations of these agents are 
increased simultaneously. Especially, for the combination of 
KNaC4H406-4H20 (600 mM) and (NH4)2S04 (80 mM), the 
film exhibited a coercivity less than 4 Oe, suggesting that the 
use of combined complex agents composed of 
KNaC4H406-4H20 and (NH4)2S04 is very effective for mag- 
netic softening. Because of the wide variety of coercivities of 
films, the magnetic softening was considered due to the 
change in film compositions. Then, film compositions for all 
samples in Fig. 4 were evaluated. The results are summa- 
rized in Fig. 5 as a composition map with respect to the 
concentrations of complex agents. In comparison with Fig. 4, 
meaningful correlation between the coercivity and the com- 
position of films is not seen: the composition of film with 
coercivity of 4 Oe is 30 at. % from Fig. 5, but the coercivity 

5P5STM 

200       300       400        500       600 
Concentration of KNaCiH-iOefmM) 

FIG. 5. Boron content of the film vs KNaC4H406 and (NH4)2S04 concen- 
tration in bath. 

of films with the same composition varies from sample to 
sample in Fig. 4. Therefore, the change in film composition 
is not responsible for the magnetic softening. 

Apart from the mechanism of magnetic softening with 
the combined complex agent, the plated FeB films exhibiting 
such a small coercivity are very attractive for micromagne- 
toelastic devices. In this case, films are required to exhibit 
large magnetostriction as well as the soft magnetic proper- 
ties. The plated film with soft magnetic properties showed a 
considerably large magnetostriction of 26X 10~6. Since the 
magnetostriction of plated films which have been formed 
without using (NH4)2S04 is as small as 1 X 10"6, the use of 
a combined complex agent is thus also useful for improving 
the magnetoelastic properties of films through magnetic soft- 
ening. 

V. CONCLUSION 

It is concluded that the use of combined complex agent 
composed of KNaC4H406-4H20 and (NH4)2S04 is useful for 
obtaining amorphous FeB plated films with small coercivity 
and large magnetostriction. The use of C6H7Na06 or 
NH2CSNH2 is, however, less effective for magnetic soften- 
ing of the FeB plated films contrary to other alloy systems 
such as NiFe4 and CoNiFe films.5 

The mechanism of magnetic softening by the combined 
complex agent is still unclear, although the changes in grain 
sizes and/or crystallographic structures of films are likely to 
be responsible. To clarify this, further investigations are now 
under progress, together with the determination of optimum 
plating conditions for obtaining amorphous FeB films with 
soft magnetization and large magnetostriction. 
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Single-crystal Ni2MnGa shows a nearly 0.2% strain under a magnetic field of 8 kOe at -8 °C. 
Polycrystalline samples have been prepared near stoichiometry to study the composition 
dependence of the magnetic and elastic properties. A narrow band of compositions has been found 
having a range of Curie and martensitic transformation temperatures, Tc and T0, extending to above 
room temperature. The compressive stress-strain characteristics in variable transverse field were 
studied in samples selected to have T0 just below room temperature. Stress-induced martensite was 
observed as expected and the magnetic field was applied under fixed load for various stresses. A 
transverse field of 3200 Oe caused the sample to strain under load doing work that increased up to 
1.3 J/kg with increasing volume fraction of stress-induced martensite. © 1998 American Institute 
of Physics. [S0021-8979(98)41211-8] 

I. INTRODUCTION 

Very large magnetic-field-induced free strains (no load) 
have been observed in the low-temperature phase of certain 
magnetic alloys that show a martensitic transformation and 
exhibit the associated shape-memory effect.1 A field- 
induced, free strain of 0.2% was reported2'3 in single crystals 
of Ni2MnGa at -8 °C. James and Wuttig4 reported a free 
strain 0.5% in single crystals of FePd at -17 °C. Further, 
James and Wuttig have observed5 that a stress-cooled, off- 
stoichiometry, single crystal of Ni2MnGa shows a field- 
induced, free strain of 1.3% below 0 °C. Clearly, these mag- 
netic martensitic materials already surpass piezoelectric 
materials and magnetostrictive materials such as Terfenol-D, 
in their ability to generate free strain. They can be expected 
to have potential in a variety of actuation devices and smart 
materials. 

There is new science to be uncovered as we understand 
better how the twin boundaries in these shape memory ma- 
terials respond to the application of a magnetic field as well 
as to stress. Progress is already being made in this 
direction.4'6'7 The observations of this magnetic shape 
memory effect reported so far indicate some of the major 
challenges faced in advancing these materials toward appli- 
cation: 

(1) The operating temperature of these materials must be 
increased. 

(2) Their performance under significant loads must be char- 
acterized. 

(3) These characteristics should be sought in more robust, 
and (probably) polycrystalline materials. 

This paper describes results that begin to address each of 
these issues. Polycrystalline samples of Ni-Mn-Ga alloys 
have been made that show martensitic transformation tem- 
peratures in excess of 40 °C and that are ferromagnetic to 
higher temperatures. So far these samples show only rela- 
tively small magnetic-field-induced strains, possibly because 

they are untextured. Further, the strain under loads up to 110 
MPa has been measured in NiMnGa polycrystals at room 
temperature. 

II. EXPERIMENT 

Several samples weighing approximately 50 g each were 
induction melted and some were vacuum cast. Pieces were 
cut from these samples for magnetometry, field-induced 
strain and mechanical testing. Magnetometry was done in 
fields up to 10 kOe at temperatures from 200 to 400 K. 
Field-induced strain was measured using metal foil strain 
gauges and a bridge circuit. The field range accessible here 
was ± 5 kOe over temperatures of 200 to 400 K. Field- 
induced strain under load was measured using an Instron 
machine fitted with a hybrid electro-permanent magnet ca- 
pable of fields up to 3.2 kOe. 

III. RESULTS 

A. Composition dependence 

The polycrystalline samples were characterized by three 
fundamental parameters that are believed to be critical to 
observing magnetic-field-induced strains in shape memory 
alloys. These are saturation magnetization, Ms, Curie tem- 
perature, Tc, and martensitic temperature, Tmm. Ms is im- 
portant because the magnetic pressure driving twin boundary 
motion is given by 2MSH. Further, the material should be in 
the martensitic state at the operating temperature, T< rmart, 
and operation at or above room temperature is an immediate 
goal. The variation of Ms, Tc, and TmzA are given in Table 
I for some of the polycrystalline samples made. 

These results are shown graphically in a ternary phase 
diagram, Fig. 1, which defines the field of Ms>45 emu/g, 
7C>70 and 80 °C, as well as rmart>20 and 40 °C. Samples 
having appreciable magnetization and Tmmt in the ferromag- 
netic phase at or above room temperature are found in a band 
of compositions stretching roughly from Ni50Mn29Ga2i to- 
ward Ni44Mn34Ga22. While these samples are of importance 
for further development, in this paper we focus on the inter- 
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TABLE I. Saturation magnetization, Ms Curie temperature Tc, and mar- 
tensitic transformation temperature, 7"mart, ol some polycrystalline Ni- 
Mn-Ga alloys. 

Composition 

Ms Tc 7* J mart 

Ni Ga Mn (emu/gm) (Centigrade) (Centigrade) 

50.7 20.0 20.3 50.3 70 12 
48.6 32.6 18.8 16.8 51 42 
47.1 35.1 17.8 9.0 47 - 
52.0 33.1 14.9 0.6 - - 
41.7 34.1 24.2 24.3 80 <-80 
50.0 27.2 22.8 45.4 66 -80 
51.1 30.5 18.4 20.2 45 - 
53.7 29.7 16.6 0.7 - - 
44.2 32.3 23.5 43.8 75 <-80 
44.2 31.1 24.7 32.8 70 <-80 
42.9 32.8 24.3 27.0 75 <-80 
50.2 30.0 19.8 47.9 53 29 
50.1 30.7 19.2 32.9 60 1 
46.6 34.1 19.3 38.8 70 43 

10 0 10 20        30 
T (°C) 

FIG. 2. Above, temperature dependence of magnetization in H= 100 Oe on 
cycling polycrystalline Ni50Mn2gGa22 through its martensitic transformation 
temperature. Below, temperature variation of field-induced strain in a satu- 
rating field. Inserts show the field dependence of the strain above and below 
7"mart as well as the definition of en. 

esting behavior of Ni50Mn28Ga22 alloy which is austenitic at 
room temperature and martensitic below 12 °C. 

B. Temperature dependence 

The field induced strain of single crystal Ni2MnGa has 
been reported above and below the transformation 
temperature.2'3 It is of interest to know the details of the 
temperature dependence of the strain associated with twin 
boundary motion. The top part of Fig. 2 shows the tempera- 
ture dependence of the magnetization measured in H 
= 100 Oe. The magnetization step at Tmatt is a reflection of 
the stronger magnetic anisotropy in the tetragonal martensitic 
phase. The saturation magnetization is fairly continuous 
through the transformation. The lower part of Fig. 2 shows 
the variation of the strain, e0, with increasing and decreasing 
temperature about Tmait. e0 is measured in a saturating field 
parallel to the strain gauge and is negative. 

Note that the strain in the martensitic phase (T 
<12 °C) is more than an order of magnitude smaller than 

that reported in single crystals of the stoichiometric 
compound.2'3 The reasons for this are not yet clear but it may 
be due to the polycrystalline nature of the material or to the 
presence in this sample of impurities that impede twin 
boundary motion. The strain increases on cooling from the 
austenitic phase, making an abrupt increase with the appear- 
ance of twinning below 12 °C. On heating from the low- 
temperature phase there is a clear peak in field-induced strain 
just below the transformation temperature. This may be a 
manifestation of lattice softening near the transformation. 
This peak is less pronounced on cooling than on heating 
from deep in the martensitic phase because in the latter case 
the material is more fully transformed and more twinning 
would have occurred than on first cooling through Tmart. 

C. Strain under load 

Polycrystalline Ni50Mn28Ga22 is interesting from another 
point of view that exploits its austenitic state at room tem- 
perature. Figure 3 shows that this material exhibits what is 
commonly referred to as stress-induced martensite when the 

Mn 

FIG. 1. Partial ternary phase diagram for polycrystalline Ni-Mn-Ga alloys 
showing A/j, Tc, and Tman fields of interest. The solid dots show the 
stoichiometric composition, NijMnGa and the location of Ni50Mn28Ga22 

which is focused on in this paper. 
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FIG. 3. Stress-strain curve taken on polycrystalline Ni50Mn28Ga22 at room 
temperature (austenitic) using an Instron machine. The nonlinearity is evi- 
dence of stress-induced martensite. The insert, lower right, shows the field 
induced strain under constant load from the starting point indicated by the 
solid dot on the cr—e curve. 
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austenitic phase is loaded at temperatures not too far above 
Tmart. On first loading the material, it shows a stiffness char- 
acteristic of the high-temperature phase. However, at higher 
loads, some regions transform to martensite and twins form 
with a preferred orientation that effectively accommodates 
the applied load. On reducing the load, the stress-induced 
martensite reverts to austenite and the large strain is returned, 
hence the name superelasticity. 

It is interesting for several reasons to use this stress- 
induced martensite as a starting material for measuring field- 
induced strain. First, the twins formed are preferentially 
aligned by the applied load. Second, observation of signifi- 
cant field-induced strain above the transformation tempera- 
ture would extend the temperature range over which these 
materials would be useful. Third, such measurements pro- 
vide strain-under-load data that are not yet available on these 
magnetic shape memory materials. 

The insert in Fig. 3 shows the strain achieved in an ap- 
plied field of 3.2 kOe transverse to the load axis, at a con- 
stant load of 108 MPa, (600 lbs over a 0.25 cm2 area). The 
solid dot on the stress strain curve locates the starting con- 
dition. The solid line extending to the left of the dot indicates 
the nature of the experiment, i.e., the applied field causes the 
material to reverse the strain induced by the load which is 
held constant. The strains measured here in 3.2 kOe are con- 
siderably larger than those shown in Fig. 2 in the austenitic 
phase (taken in 6 kOe); they are comparable in magnitude to 
those measured in the martensitic phase. The sign of the 
field-induced strain is consistent with a free-energy model 
for martensite-austenite phase boundary motion7 and with 
the observed destabilization of the martensitic phase in a 
magnetic field.2 

The work done by the sample on the Instron machine 
during field actuations is 11 kJ/m3 (or 1.3 J/kg). This is com- 
parable to the work output of Terfenol-D actuators (10 to 
20kJ/m3) reported by Clark et al} Perhaps more impor- 
tantly, if one connects the greatest free strain yet measured 
on single crystal NiMnGa5, namely 1.3%, with the load bear- 
ing ability of the polycrystalline samples, in excess of 110 
MPa, the potential for mechanical work output can be in- 
ferred to be of order 715 kJ/m3 (90 J/kg). This estimate of the 
potential of magnetic shape memory materials to do work 
compares very favorably with the comparable quality factor 
for Terfenol-D, namely 0.24% X 100 MPa/2~120 kJ/m3. 
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Magnetoelastic behavior of the Heusler Ni2MnGa alloy 
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In this work the effect of the interplay between magnetic and structural degrees of freedom in the 
structural transitions undergone by Ni2MnGa alloy is investigated. Elastic constant and magnetic 
susceptibility measurements in a magnetic field are presented. A simple phenomenological model is 
proposed to account for the experimental observations. © 1998 American Institute of Physics. 
[S0021-8979(98)25911-l] 

I. INTRODUCTION 

The Ni2MnGa alloy is the only known ferromagnetic 
material exhibiting a martensitic transition from a high tem- 
perature Heusler structure towards a close-packed phase.1'2 

Associated with this phase transition, this material exhibits 
shape memory properties.3 These properties are related to the 
ability of the system to reverse large deformations in the 
martensitic phase by heating the alloy up to the high tem- 
perature phase. The interest of ferromagnetic compounds 
compared with other shape memory alloys is the possibility 
of magnetic field control of the shape memory properties. 
The potentiality of the Ni2MnGa alloy for such a purpose has 
been recently proved by Ullakko and co-workers.4 They have 
shown that the application of a magnetic field provokes a 
tendency of the martensitic variants to be aligned with the 
field. As a consequence, the field modifies the induced trans- 
formation strain. 

More fundamental is the fact that, in this material, the 
martensitic transition is preceded by the appearance of a mi- 
cromodulated structure which is accompanied by the conden- 
sation of a «2 = 0.33 TA2 phonon.5 Recently, we have 
shown6'7 that this premartensitic structure develops via a 
weakly first order transition. Since such a premartensitic 
transition is not observed in other nonferromagnetic materi- 
als, it seems reasonable to believe that it is a consequence of 
a magnetoelastic interaction. 

In this paper we show the existence of magnetoelastic 
effects in this material, from elastic constant and magnetic 
susceptibility measurements in an applied magnetic field. 
The relevance that the magnetoelastic interplay between 
structural and magnetic degrees of freedom has on the pre- 
martensitic transition is finally discussed in the framework of 
a Landau model. 

II. EXPERIMENTAL RESULTS 

A single crystal grown by the Bridgman method with 
composition very close to stoichiometric Ni2MnGa was in- 
vestigated. From the original rod two samples were cut using 
a low-speed diamond saw. The smaller sample (3.1X1.0 
X 1.4 mm3) was used in ac susceptibility measurements. The 

larger one (6.75X4.8X 11.45 mm3), which had its faces par- 
allel to the (110), (110), and (001) planes, was used in ultra- 
sonic measurements. 

Magnetic susceptibility measurements were conducted 
on an ac susceptometer. The elastic constants were obtained 
from ultrasonic measurements (pulsed-echo technique). In 
these ultrasonic measurements, a magnetic field up to 1 T 
was applied. 

The Ni2MnGa sample investigated displays a bcc struc- 
ture with an L2l atomic order (space group Fm3m) at high 
temperature. It orders ferromagnetically below 7C=381 K, 
and it transforms martensitically to a modulated tetragonal 
structure at 7^ = 175 K. The premartensitic transition occurs 
at 7^=230 K. 

Clear evidence of the existence of a magnetoelastic in- 
teraction is the dependence of the elastic properties on the 
magnetic structure of the solid. To show this for Ni2MnGa, 
we have measured its elastic constants under different mag- 
netic fields, at room temperature. Prior to each measurement, 
the sample was subjected to a thermal treatment to ensure 
that the measured dependence of each elastic constant corre- 
sponded to the first magnetization process. A typical ex- 
ample of the behavior found is presented in Fig. 1, which 
shows the evolution of the three independent elastic con- 
stants as functions of a magnetic field applied along the 
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FIG. 1. Relative changes of the elastic constants (solid symbols) as func- 
tions of a magnetic field applied along the [100] direction. Open symbols 
correspond to the square of the magnetization extracted from Ref. 4. The 
inset shows the relative changes of the elastic constants as functions of the 
square of the magnetization. 
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FIG. 2. Real (x', squares) and imaginary (*", circles) parts of the magnetic 
susceptibility as functions of temperature measured for Hdo= 10 Oe and / 
= 66 Hz. The inset shows the dependence of the temperature of the inter- 
mediate transition with a magnetic field applied along the [100] direction. 

[100] direction. As the magnetic field is increased, all the 
elastic constants slightly increase up to a saturation value. 
Similar behavior is obtained with the magnetic field applied 
along the [110] direction: the same saturation values are ob- 
tained (within experimental error) but at a larger value of the 
magnetic field. In order to prove that the measured change in 
the elastic constants is due to a change in the value of the 
magnetization, and is not due to rotation of the equilibrium 
magnetization, we have plotted the square of the magnetiza- 
tion (M) measured by Ullakko and co-workers in a similar 
sample.4 A good correlation exists between the change in the 
elastic constants and that of M. In the inset we have plotted 
the relative change of the elastic constants as functions of 
M2. It is interesting to note that, within the experimental 
errors, the same linear behavior is observed for low and high 
values of M2. At intermediate values, the data points deviate 
from this linear behavior. Such a deviation can be ascribed to 
the fact that ultrasonic and magnetic measurements have 
been conducted on different specimens and also to minor 
misalignments of the magnetic field in both sets of measure- 
ments which can result in slightly different values for the 
saturation field. 

The interplay between the magnetic and structural de- 
grees of freedom is also apparent in the change of the mag- 
netic properties of the alloy as it goes through the structural 
phase transitions. This behavior is illustrated in Fig. 2, which 
shows an example of the evolution of the real (x') and 
imaginary (x") parts of the magnetic susceptibility as func- 
tions of temperature, x' has a significant change at around 
175 K associated with the martensitic transition, and it dis- 
plays a small anomaly at around 230 K. Such an anomaly is 
located at the temperature where a peak in the specific heat 
curve has been measured,6 and it is related to the condensa- 
tion of the g = 0.33 TA2 phonon. At the temperatures of the 
structural transitions, x" increases; this is an indication of a 

dissipative effect which, in each case, is due to the motion of 
domain boundaries.6 This phenomenon is in agreement with 
a measured increase in the internal friction at these phase 
transitions.8 Another manifestation of the magnetoelastic in- 
terplay is a dependence of the temperature of the premarten- 
sitic transition upon the magnetic field. In particular, for a 
first order phase transition the Clausius-Clapeyron law must 
hold. We have explored such a possibility by applying a low 
dc magnetic field along the [100] direction during the mea- 
surement of the ac susceptibility. We have found that I7 

decreases with increasing magnetic field as shown in the in- 
set of Fig. 2. These low magnetic fields do not modify the 
martensitic transition temperature and do not affect the char- 
acteristics of this transition. Fields in the range of several 
kOe are needed to induce significant changes in the charac- 
teristics of the martensitic transition. 

III. DISCUSSION AND CONCLUSIONS 

The results presented above give clear evidence for the 
existence of magnetoelastic coupling in Ni2MnGa. In this 
section we would like to discuss the relevance of this cou- 
pling to the features of the premartensitic and martensitic 
transitions undergone by the studied alloy. We first introduce 
a Landau model suitable to describe the phase transitions of 
this system. The primary order parameter is taken to be the 
amplitude of the ^ = 0.33 TA2 phonon (related to the micro- 
modulation at the premartensitic transition), and we consider 
two secondary order parameters: e, a (110)[110] homoge- 
neous shear adequate to describe a cubic to tetragonal change 
of symmetry, and the magnetization M (considered to be a 
scalar). We assume the following general form of the Landau 
free energy: 

&r(r,,s,M) = Fstr(rJ,s) + Fmag(M) + Fme(V,s,M),   (1) 

where Fstr is a purely structural term, Fmag is the magnetic 
term, and Fme is the contribution accounting for the magne- 
toelastic coupling. The explicit free energy expansion takes 
into consideration the symmetries of the system and the fact 
that the two structural transitions take place well below the 
Curie point, resulting in a breaking of the ± M invariance in 
the free energy. For the premartensitic transition, minimiza- 
tion of !W with respect to e and M [which yields a path 
8 = 0, M = M{rj)}, leads to the following effective free 
energy .7 

1 1 

4J 
^eff=^AV

2+-BV
A+-CV\ (2) 

where A is a linear function of temperature and of the high 
temperature phase magnetization M0; B and C are 
temperature-independent functions of M0. It is interesting to 
point out that for large enough magnetoelastic coupling, B 
can be negative, and in this case the system can show a first 
order transition before becoming dynamically unstable (A 
—►0). Within this picture, the softening of the characteristic 
phonon is expected to be incomplete at the transition, in 
accord with experimental observations.5 From this model the 
dependence of T, on an externally applied magnetic field can 
be obtained. It is given by (Clausius-Clapeyron equation): 
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{dT,ldH)- -aM0/(l + a\AS\), where a is a parameter 
related to the magnetoelastic coupling and A S is the entropy 
change at the premartensitic transition. From calorimetric 
measurements AS = -0.04 J/K mol has been determined in 
the absence of magnetic field. The decrease of T, with H 
(inset in Fig. 2) appears to be in agreement with the above 
equation.9 Even more, the above expression provides a jus- 
tification for the nonlinear dependence shown in the figure: 
as the phase transition moves towards lower values, the sta- 
bility limit of the high temperature phase is approached and 
the absolute values of A 5 are expected to decrease. 

In nonferromagnetic alloys, the martensitic transition has 
been related to an anharmonic coupling between the TA2 

phonon and the homogeneous strain e.10 In our model, this 
term is supposed to be negligible in comparison with the 
magnetoelastic coupling term. Nevertheless, it is worth not- 
ing that the magnetoelastic interaction indirectly couples rj 
and e. At the martensitic transition, e becomes different 
from zero and a close-packed tetragonal phase is obtained. 
Such a symmetry change is accompanied by a change in the 
wave vector of the transverse modulation. In order to ac- 
count for such a change in the Landau model, an explicit 
wavevector dependence of the Landau free energy should be 
considered. 

Up to now, the microscopic origin of the magnetoelastic 
coupling in Ni2MnGa has not yet been established. Short 
wavelength anomalies preceding the martensitic transition 
have also been observed in Ni-Al alloys.11 They have been 
related to specific nesting properties of the multiply con- 
nected Fermi surfaces.12 Nevertheless, Ni-Al is not ferro- 
magnetic and no premartensitic transition has been observed 
in this alloy. In addition, in Ni-Mn-Ga alloys close to sto- 
ichiometric Ni2MnGa but with less Mn content, the pre- 
martensitic transition is not observed although a magneto- 
elastic coupling has been proven to exist.13 We suggest that 
this different behavior could be due to the fact that the sub- 
stitution of Mn by Ni atoms causes an increase in the mar- 
tensitic transition temperature,14 and the magnetoelastic cou- 
pling is likely to be weaker. These two features imply that 
the bcc phase transforms to a close-packed one (martensitic 
transition) at a temperature higher than the temperature at 

which the intermediate transition would occur (which is es- 
sentially controlled by the magnetoelastic coupling), and 
therefore, the micromodulated phase cannot develop inde- 
pendently of the martensitic transition in alloys with low Mn 
content. 

To conclude, we have experimentally proven the exis- 
tence of a magnetoelastic coupling in Ni2MnGa. By means 
of a simple Landau-type model, it has also been shown that 
such a coupling leads to a first order phase transition that 
occurs as a lock-in of a soft phonon in the TA2 branch. A 
knowledge of the microscopic origin of such a coupling and 
its relationship to the martensitic transition is still lacking. 
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This paper discusses two new kinds of micromagnetoelastic devices made on silicon wafer whose 
function is to control the permeability of magnetostrictive soft magnetic thin films by 
voltage-controlled elastic strain. One is piezoelectric type and the other is electrostatic type. 
Structure, fabrication process, characteristics, and maximum possible output are discussed. The 
feasibility of these devices has been clarified although the rate of obtained permeability change was 
less than 1%. These device characteristics could be improved to 11% for piezoelectric type and to 
80% for electrostatic type by the optimization of device dimensions and reduction of process 
damage to the magnetic film.   © 1998 American Institute of Physics. [S0021-8979(98)41311-2] 

I. INTRODUCTION 

Magnetostrictive thin-film materials are of current inter- 
est for microfabricated sensors,1 actuators,2'3 magnetosurface 
acoustic wave (MSAW) devices,4 etc. A potential benefit of 
these devices is the capability of silicon integrated intelligent 
systems. However, little work has been reported on the com- 
bination of magnetostrictive films and silicon.3 

Therefore, this paper discusses two new kinds of micro- 
magnetoelastic devices made on a silicon wafer whose func- 
tion is to control the permeability of magnetostrictive soft 
magnetic thin film by voltage-controlled elastic strain. One is 
piezoelectric type and the other is electrostatic type. 

The piezoelectric type is the extension of our previous 
work1 that used FeSiB film and bulk PZT. In this work we 
microfabricated a FeSiB/ZnO double layer film structure on 
a silicon membrane. The electrostatic type utilizes bending 
of FeSiB film-substrate beam caused by electrostatic force. 
The space to bend is formed by anisotropic etching of sili- 
con. Feasibility of these devices is demonstrated in this pa- 
per. 

II. FILM MATERIALS 

A. Magnetostrictive FeSiB film 

The 0.5 /xm thick Fe77SinB12 amorphous film was rf- 
sputter deposited onto a surface oxidized (100) orientated 
silicon wafers. The Ar gas pressure was 3.3 Pa and the rf 
power was 100 W (5.7X 102 W/m2.) The as-deposited film 
had saturation magnetostriction of 33X 10~6, Curie tempera- 
ture of 703 K, and a crystallization temperature of 743 K. 
These are similar to the published values.5 

The stress release annealing without magnetic field was 
applied up to 673 K at below 2.7X 10~4 Pa, which resulted 
in a remarkable coercive force decrease from 1990 A/m to 32 
A/m and a permeability increase from 90 to 2300, as shown 
in Fig. 1. Then the films were annealed again in a static 
magnetic field of 39.8 kA/m at below 8.0X 10-4 Pa for 2 h 
in order to stabilize the uniaxial anisotropy. The anisotropy 
field was increased from 200 to 280 A/m, and the squareness 
ratio, Mr/Ms along easy axis of magnetization was im- 
proved from 0.9 to nearly unity. 

B. ZnO piezoelectric film 

A 1 /urn thick ZnO film was rf-sputter deposited on a 
surface oxidized (100) orientated silicon wafer using Ar: 
02= 8:2 mixture gas. The total gas pressure was 4.0 Pa. The 
rf power was 100 W (5.7X 102 W/m2) and the substrate tem- 
perature was 473 K. The x-ray diffraction pattern of the film 
showed that the c axis was perpendicular to the film plane 
and its dispersion was 4 degrees. Since the threshold c-axis 
dispersion to degrade the piezoelectric properties is 6 
degrees,6 crystal orientation of the fabricated ZnO film is 
adequate for the proposed sensors. The resistivity was 
4X109 flcm, which is similar to the published values.7,8 

The piezoelectric constant J31 was measured using a 
Au(0.4 /xm)/ZnO(3 /an)/Cr(0.5 /an) multilayer film rf- 
sputtered on (100) oriented silicon wafer. The Cr and Au 
films were used as electrodes. The measured strain was al- 
most proportional to the applied dc voltage of ± 2 V as 
shown in Fig. 2. The readout of J3] was — 5X10-12 m/V, 
which is similar to the published values.6 

C. FeSiB/ZnO double layer film 

Figure 3 shows the annealing temperature dependence of 
initial permeability of FeSiB film deposited on the 1 fim 
thick ZnO film substrate. The as-deposited FeSiB film on 
ZnO film had permeability higher than single layer FeSiB 

uuuu 

1000 

100 

.. . . . ...I,I .,,,,,,., 

i 

0 Hc 
A. ; 

-in 

A 

i i . i I .... 1 . , i, 111,11 

10000 

1000 I? 
s ro 
<D 
E 

-100   ^ 

J10 
200    300    400     500    600    700 

Annealing temperature (K) 

FIG. 1. Annealing temperature dependence of coercive force and permeabil- 
ity. 

0021 -8979/98/83(11 )/7303/3/$15.00 7303 © 1998 American Institute of Physics 



7304        J. Appl. Phys., Vol. 83, No. 11, 1 June 1998 Takezawa et al. 

-10 12 
Applied voltage (V) 

FIG. 2. Applied voltage dependence of ZnO strain. 

film because of tensile stress given by the ZnO under layer. 
With raising the annealing temperature, the permeability 
reached 1000 at 673 K and was further enhanced to 1500 by 
static magnetic field annealing of 39.8 kA/m at below 8.0 
X 10-4 Pa for 2 h. The value obtained is slightly degraded 
compared to the single layer FeSiB film but still compatible 
to that. 
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FIG. 4. Structure of micromagnetorestrictive-piezoelectric device, 
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III. PIEZOELECTRIC TYPE DEVICE 

Figure 4 shows the schematic view of the 
magnetostrictive-piezoelectric type microdevice. A 0.5 /um 
thick Si02 under layer, 0.5 fim thick FeSiB film, 0.5 jx,m 
thick Cr electrode layer, 6.5 /mm thick ZnO piezoelectric 
film, 3 /mm thick Si02 over layer and 2 /im thick Cr electrode 
layer were rf-sputter deposited in turn onto the (100) oriented 
silicon wafer. The main parts are FeSiB/ZnO double layers 
of 12 mmX 13 mm rectangle area. Then the wafer was aniso- 
tropically etched from the back side in tetramethyl ammo- 
nium hydroxide (TMAH) to form a 15 /xm thick membrane. 

Applying a voltage between the top and the bottom Cr 
electrode layers, a strain is produced in the ZnO film perpen- 
dicular to the film plane by inverse piezoelectric effect. The 
in-plane component of the strain causes in-plane strain to the 
FeSiB film, which controls the permeability of FeSiB film by 
the inverse magnetoelastic effect. The neutral plane of elastic 
strain is in the Si membrane. Positive applied voltage yields 
permeability decrease and negative voltage results in perme- 
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ability increase because the sign of piezoelectric constant, 
d3i, is negative as showed in Fig. 2. Figure 5 is the experi- 
mental verification that a 5 Hz, ±30 V^ (±2X106 V/m) 
sinusoidal voltage yielded the in-phase permeability change. 

Theoretical permeability change is given by the follow- 
ing equation: 

M; = M7[At0{2^-3Xs£(A///)}], 

M/l = z/R, 

(1) 

(2) 

where Ms is the saturation magnetization, Ku the anisotropy 
constant, E the Young's modulus, Xs the saturation magne- 
tostriction, z the distance from the neutral plane of elastic 
strain, and R the radius of film curvature. The film curvature 
and the position of neutral plane are determined by the thick- 
ness and Young's modulus of each of seven stacked film 
layer and the J31 of ZnO film. 

Figure 6 shows the calculated permeability agrees with 
measured values but the rate of change was only 0.35%. This 
is because the permeability in micro structure is degraded 
from 1500 to 447 and the silicon membrane was as thick as 
15 /mm. The rate of permeability change can be enhanced to 
11% by removing the 15 /urn thick silicon membrane and 
also by improving the permeability from 450 to 1500. 

IV. ELECTROSTATIC TYPE DEVICE 

Figure 7 shows the schematic view of the 
magnetoelastic-electrostatic type microdevice. The 0.5 fim 
thick FeSiB film was rf-sputter deposited onto a 50 /an thick 
soda glass substrate and 0.4 fim thick Au film for electrode 
was also deposited onto the opposite surface. This film- 
substrate was fixed over a grooved silicon wafer having a Au 
film electrode at the bottom of the groove. The groove is 40 
/mi deep and formed by the 10% TMAH anisotropic wet- 
etching process. With applying a voltage between the two 
Au electrodes, attractive electrostatic force is generated and 
the FeSiB film feels tensile stress. Therefore, the permeabil- 
ity always increases regardless of the polarity of the applied 
voltage. 

The generated electrostatic force / operates as a uni- 
formly distributed load, w, and is proportional to the square 
of the applied voltage V, 

When e0 is the permittivity of vacuum, b the beam width 
and d the beam thickness. Let the beam length be /, then the 
deflection y of the beam is given as follows. 

y=-(w/24EI)x2{l-x)2, (4) 

where / is the geometrical moment of inertia and x the dis- 
tance from the end of the beam along length direction. Then 
the radius R of beam curvature is given as IIR = d2yldx2. 
Substituting R into (1) and (2), we obtain the permeability 
change. 

The observed permeability change was in phase as the 
applied ac voltage and it roughly agreed with theory as 
shown in Fig. 8. The observed permeability change was 
0.23% when 2 Hz, ±77.5 V (±0.7X106 V/m) sinusoidal 
electric field was applied. The calculation above predicted 
that the permeability change can be improved to 80% if both 
the groove depth and the glass substrate are as thin as 20 /mi, 
respectively. 

Time domain observation of the initial permeability was 
done using a figure-8 coil and a two-phase lock-in amplifier. 
Figure 9 shows the ac component of the initial permeability 
when a 2 Hz sinusoidal electric field is applied. The perme- 
ability varied at double the frequency of applied field be- 
cause the strain due to the static field was always unidirec- 
tional. 

V. CONCLUSION 

A magnetostrictive-piezoelectric type micro device has 
been microfabricated using sputter deposited FeSiB amor- 
phous magnetostrictive film with soft magnetic property and 
the ZnO piezoelectric film. Micromagnetostrictive- 
electrostatic type is also possible using the FeSiB film. The 
feasibility of these devices has been clarified although the 
rate of obtained permeability change was less than 1%. 
These device characteristics could be improved to 11% for 
piezoelectric type and to 80% for electrostatic type by the 
optimization of device dimensions and reduction of process 
damage to the magnetic film. 
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Types of self-localized, magnetoelastic (ME) surface waves in antiferromagnets (AFs) are 
predicted, the existence of which is determined entirely by the nonlinear properties of the AFs. The 
frequency spectrum of the self-localized ME surface waves is shown to lie in a gap between the 
upper quasimagnon and lower quasiphonon branches of the harmonic ME spectrum. A nonlinear 
Schrödinger equation for the envelope of ME waves is derived and its solitonic solutions are 
obtained. When spin pinning or capillary effects on the surface of the crystal exist, we find that the 
nonlinear surface ME wave excites the volume ME wave at fundamental harmonics carrying energy 
into the interior of a crystal.   © 1998 American Institute of Physics. [S0021-8979(98)52111-1] 

Nonlinear magnetoelastic (ME) waves in an antiferro- 
magnets (AF) possess a variety of distinguishing features 
that can be of great importance for magnetoacoustics.1 

Strong ME interaction is responsible for the giant effective 
anharmonicity of the elastic system (AC3~103-104C2 

where LC^ — C^—C^, C2, and C3 are the second and third 
order elastic moduli, respectively).1 The dispersion of ME 
waves increases considerably in the region of the magneto- 
acoustic resonance.2 

It is easy to stimulate large amplitudes of surface ME 
waves at an AF surface. In such a case, nonlinear effects are 
especially important for surface ME wave propagation. The 
problem of the second ME harmonic generation3 and the 
effects of acoustic convolution in the nonlinear interaction of 
the Rayleigh surface ME waves4'5 was studied experimen- 
tally. 

For the study of surface waves understanding of the in- 
teraction of a wave with other degrees of freedom in a sys- 
tem is essential. New types of linear surface waves can arise 
from such interaction. For example, the shear volume elastic 
wave in a ferromagnet transforms into a surface wave if ME 
coupling and dipole-dipole interaction are taken into 
account.6 The linear surface Rayleigh,7 Love,8 and Stonely9 

waves can be damped out due to spin wave radiation into the 
interior of crystal. 

In the present study we consider a new type of nonlinear 
surface ME waves in an AF that have no analogs to the case 
of linear waves and become delocalized with a zero ampli- 
tude. Nowadays the nonlinear self-localized surface waves of 
various kinds are well known in solids, e.g., the nonlinear 
surface acoustic waves,10 the nonlinear surface exchange 
spin waves,11 and three-dimensional surface precession 
solitons.12 

The system of present interest is a two-sublattice AF 
with weak ferromagnetism and an easy-plane-type anisot- 
ropy, occupying the half-space z<0, in an external magnetic 

field H parallel to the surface (Hllx). The crystal axis per- 
pendicular to the easy plane is directed along the z axis. In 
this case the free energy density of an AF is given by 

where 

(1) 

"'Electronic mail: diksh@mail.cplire.ru 

Fm = M0[HEm2 + HAl
2

z-2HD(mXl) + aM0(dVdxi)
2l 

Pme^bMllihu^,    Fe = {\l2)ciklmuikulm 

are the magnetic, ME, and elastic energy densities, respec- 
tively; HE, HA, and HD are the exchange, anisotropy, and 
Morya-Dzyaloshinsky fields; a, c, and b are the nonuniform 
exchange, elastic, and ME constants; ü is the deformation 
tensor; M12 are the sublattice magnetizations (|M1| = |M2 

| = M0); L=Mi-M2 = 2M0landM=M1 + M2=2M0mare 
the ferromagnetic and AF vectors. For simplicity the AF is 
assumed to be ME and elastically isotropic. The inherent 
anharmonicity of the elastic lattice is neglected since it is not 
as important compared to the effective anharmonicity asso- 
ciated with ME coupling.1 In an AF of a sufficient high Neel 
temperature HE>HA, HD.1 For the case of H<HE, we 
note m<l and l2= 1 —m2^\. 

The energy (1) is minimized for the ground state with 
m0llx and l0lly and m0x= (HD + H)/HE<^ly0. 

The nonlinear AF dynamics is described by the equa- 
tions of motion2 

dMJdt=-g(MnXH<n
e)),    pd2uildt2 = daikldxk, (2) 

where H(^ = — dFI dM.n is the effective magnetic field, aik 

= dFlduik is the tensor of the mechanical stresses, uik is the 
deformation tensor, g is the gyromagnetic ratio, and n= 1,2 
are the magnetic sublattice indexes. 

The boundary conditions at the stress-free AF surface 
are 

aiz=0    (i=x,y,z),    \X(dVdz +ßsl) = 0, (3) 

with ßs the surface anisotropy constant. 

0021 -8979/98/83(11 )/7306/3/$15.00 7306 11998 American Institute of Physics 
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FIG. 1. Classification of the roots characteristic of the characteristic equa- 
tion (4). The noninteracting magnons and phonons are shown by dashed 
lines. 

For a surface ME wave the decay conditions for 1 and u 
at z—>-°° are |/J—>0, |u|—»0. 

It is easy to show that for an AF with sufficiently large 
easy-plane anisotropy [HA>Hme = b2Ml/(2c44)] lz<lx. 
Therefore, we assume /z = 0 everywhere and do not take into 
account the high-frequency branch corresponding to vibra- 
tions involving a departure of 1 from the basis plane. 

Using the linear approximation of exp[/(&y—cot)+qz] for 
lx and ux, the characteristic equation for the ME waves is 

(co2 o>2
sk+V2

mq 2)(o>2- Jtk + Stq )-comecoEo)tk=0, 
(4) 

with Vm and S,, the velocities of spin waves and the trans- 
verse sound, 

»sk= ^Jv2
mk

2+ o)H(coH+ coD) + (oEü)me,  cotk = Stk, 

5f= VC44/P, 

-gH. £> gH, -gHD, = gH„ 

Equation (4) has four roots q vanishing along curves co 
= <«,(&) and w = co2(k), respectively, 

o>\,i{k) = [o2
sk+(»2

tk 

:V(«rf-w2^)2 + 4ö>ijW„ !(o
2

kr
2/V2. 

Figure 1 shows the behavior of the solutions of (4) on the 
plane (co,k) for the low-temperature AF (MnC03, C0CO3, 
CsMnF3) with TN< TD (TN and TD are the Neel and Debye 
temperatures, respectively) and St>Vm. The plane is di- 
vided into three regions. In region I [w> w2(/c)], and Eq. (4) 
has four imaginary roots. Volume ME waves correspond to 
region I. In region II [(i)i(k)<(i)<co2(k)], it has two real 
and two imaginary roots. In region III [co<coi(k)], it has 
four real roots. The linear surface ME waves in region III 
and the linear leaky ME waves in region II can exist only 
when spin pinning and capillary effects on an AF surface are 
available. 

The solutions of nonlinear equations (2) for the main 
harmonics of the upper branch of the ME waves have the 
form 

lx= (l/2)A(y,z,t)exp i(ky — co2t) + c.c. (5) 

ux=(l/2)B(y,z,t)zxp i(ky-o)wt) + c.c. (6) 

Here amplitudes A and B are the slowly varying envelopes to 
the rapid oscillations of the carrier waves, 

dG 

dt 
<o)2\G\, 

dG 

dz 
<k\G\, 

dG 

dy 
<k\G\, 

G = (A,B). 

For weakly localized nonlinear surface ME waves of small 
amplitude the substitution of solutions (5) and (6) into (2) 
yields 

BA. Bk\ dlA 
i\- + vg2- +(l/2)D2-2+N2\A\2A = 0, 

dt dy) dz' 

2 B=yA[y=-ikbp-lM2/(co2
2k-co2

k)l 

(7) 

(8) 

with the boundary conditions dA/dz = dB/dz = 0 for ßs = 0, 
where 

vg2 = n2k[S2(Cls2 + coEa>me) + V2
mClt2], D2 = vg2/k, 

(9) 

N2 = ü,2[o)Eü)meü)2k + ü,t2(4a)2
H+4o)Eü)me 

+ wHwD)/16], (10) 

&2 = [<»2k(«>2k- ^l*)]"1.    ^2=<4fc~«4>    and   ^t2=(»\k 
— o)2k. In the present case of interest an AF is found to pos- 
sess  nonlinearity  of the  self-focusing type  (D2>0  and 
JV2>0). 

From Eqs. (7) and (8) we get the nonlinear surface 
waves 

lx={l/2)A0 sech(z/z0)exp i[ky-(o)2-l/2T)t] + c.c; 
(ID 

ux=ylx,    T~l=N2A
2,    Zvl=AjN2ID2, (12) 

where A0 is the maximum envelope amplitude. A dispersion 
relation for nonlinear surface ME waves is then 

a>=co2(k)-N2Al/2. (13) 

The penetration depth of the surface ME wave is z^A^ 
and tends to reach infinity as its amplitude decreases. When 
the frequency and the amplitude of waves are fixed, a wave- 
length of the nonlinear ME wave is smaller than that of the 
linear one. 

According to the Lighthill criterion the nonlinear ME 
wave is modulationally unstable to create a train of solitary 
waves in the direction of propagation. It can give rise to 
formation of three-dimensional (3D) surface ME solitons. 
Such 3D surface solitons for spin waves were considered in 
Ref. 12. 

A dispersion relation for a nonlinear volume surface ME 
wave that is uniform over the thickness of a crystal has the 
form 

co = io2(k)-N2A0. (14) 

We now investigate the influence of surface spin pinning 
on the propagation of the nonlinear surface ME wave. In this 
case the boundary conditions (3) have the form 

dux/dz = 0,    lx(dly/dz + ßsly)-lydlx/dz = 0. (15) 
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In the present case solutions (11) and (12) from the nonlinear 
equations (2) do not satisfy the boundary conditions (15), 
owing to radiation of the energy of volume ME waves into 
the interior of the crystal. 

For the purposes of illustration of the radiation effects 
we will consider the ME waves close to the upper quasimag- 
non branch (w^ w2i) in the range of small wave numbers k. 
In this limit the interaction between spin and elastic waves is 
weak. Substitution of Eqs. (11) and (12) (where the envelope 
amplitudes are the functions of z and index 2k is omitted for 
at) into (2) yields 

Td=E/{dE/dt)«ß;'AÖ\ (19) 

D2 d2A 

THz2 
(o>2 -"IM 

2co 2k 
+ JV2A|A|2=eß, 

d2B/dz2 + Q2B = elA. 

(16) 

(17) 

Here e=ikbgM0a)E/(4(o2k) and el = -ikbM0/c44 are 
small values, w2k=<osk, D2=V2

m/wsk, Q2 = (o)2k-co2
k)/S

2, 
and the nonlinear term is ignored in (17). Inserting the un- 
perturbed (e=0) solution of (16): A=A0 sech(z+Z)/z0 into 
(17), we can get 

B = B1 exp(-ißz)-- 
ikbAMj, 

Q2C44 
sech 

z + Z 

to 
(18) 

where A0=^2((osk-w)/N2 and z0= ^D2/[2(<x)sk-(o)]. A 
shift Z is obtained from the first boundary condition (15) as 
Z=-z0 tanh_1(^z0). The amplitude of the outgoing ME 
wave B^ßsbAo is determined from the second boundary 
condition (15). 

It follows from (18) that the nonlinear surface ME wave 
excites volume ME waves at the frequency of the fundamen- 
tal wave carrying energy into the interior of a crystal. There- 
fore, there is no energy localization of nonlinear surface ME 
waves, and they are, in fact, quasisurface waves. The effect 
results solely from the ME interaction. For b = 0 there is no 
radiation of energy from the surface (B1 = 0). 

In the case ßs<0, the amplitude maximum of the non- 
linear surface ME wave, is shifted into the interior of the 
crystal. In this case the "repulsion" of the surface ME wave 
from the surface is compensated for by nonlinear "attrac- 
tion." Such a wave can be detached from the surface to 
become a volume soliton. For ßs>0 the amplitude is maxi- 
mal on the AF surface. 

The characteristic damping time of the surface ME wave 
can be evaluated from 

where E = J°_xFdz<xA0 is the energy density and dEldt 
= -c44(dux/dt)(dux/dz)<xß2Al is the energy flux density 
of the nonlinear surface ME wave per unit surface area. 
Therefore, the characteristic distance Ld= V„2Td for the 
propagation of surface ME waves during Td

xßs A0 is 
large for the small amplitude wave. 

It is easy to show that close to the lower quasiphonon 
branch of a ME spectrum an AF possesses nonlinearity of 
the defocusing type (N{<0, Dt>0) and nonlinear, self- 
localized surface ME waves do not exist for the free bound- 
ary conditions (ßs = 0). 

In conclusion, we have demonstrated that ME waves in 
an AF can be localized near the surface due to nonlinearity 
of the crystal. In contrast to the linear case nonlinear quasi- 
surface waves can exist for both positive and negative signs 
of surface anisotropy constants. Nonlinear surface and qua- 
sisurface waves are expected to occur in other interacting 
systems involving different kinds of waves, e.g., the acoustic 
and optic waves in ferroelectrics and the spin and electro- 
magnetic waves in ferromagnets. 
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The Re-doped high Tc superconductor HgBa2Ca2Cu3Ox: Magnetic 
irreversibility versus anisotropy 
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We report on magnetization measurements on grain-aligned Re-doped Hg-1223 superconductor 
(Tc"* 133 K). We analyze the anisotropic magnetic hysteresis Mirr as a function of temperature and 
magnetic field, and determine the irreversibility line Hm(T) for magnetic fields applied parallel and 
perpendicular to the c axis of the structure. The similar values of both Mirr and H^T) along the two 
main crystallographic directions reveal a marked decrease of the superconducting anisotropy, due to 
the Re substitution. This anisotropy reduction might be at the origin of the rise of the magnetic 
irreversibility already reported in these compounds, as compared to those without Re. © 1998 
American Institute of Physics. [S0021-8979(98)42511-8] 

I. INTRODUCTION 

The copper oxide HgBa2Ca2Cu3C)l is the superconductor 
with the highest Tc («134 K) reported to the date.1 How- 
ever, it has been rather poorly characterized, because of its 
difficult synthesis (requiring high pressure) and its reported 
high anisotropy. It is well known that superconducting cop- 
per oxides with extreme anisotropy have important disadvan- 
tages for their use in applications, because magnetic flux 
moves very easily in them, and therefore they are unable to 
carry high electrical currents, without dissipation, in most of 
their H- T phase diagram. 

An important step forward was realized when it was 
shown2 that the partial substitution of Hg by Re stabilizes the 
phase, allowing its synthesis without application of high 
pressure. Furthermore, this substitution does not lower Tc 

and rises the irreversibility line of the superconductor,2-5 i.e., 
broadens the nondissipative region of its H-T phase dia- 
gram. 

These important issues—particularly the last result, 
which was soon attributed to a decrease of the 
anisotropy5'6—have awakened the interest for this material. 
Indeed, from the above considerations, the relevance of hav- 
ing a superconductor with very high critical temperature and 
reduced anisotropy may be clearly presumed. Therefore, to 
determine the anisotropic irreversibility line of this supercon- 
ductor and establish the effect of the Re have become a mat- 
ter of the greatest interest, and are the object of this article. 

We report on magnetic hysteresis measurements of 
grain-aligned Hg082Reo18Ba2Ca2Cu308+s for both Hllab 
and Hllc. These data were analyzed in order to extract the 
anisotropic magnetic irreversibility, as well as the irrevers- 
ibility line along the two main crystal directions, and there- 
fore get an insight into the effective anisotropy of these Re- 
doped superconductors. The results reveal a huge anisotropy 
decrease, which should modify both the bulk pinning and 
surface barrier effects of the superconductor. We discuss this 

feature and try to correlate it to the already reported enhance- 
ment of magnetic irreversibility due to the Re substitution. 

II. EXPERIMENT 

Ceramic Hg082Re018Ba2Ca2Cu3O8+,5 was synthesized 
following the procedure described in Ref. 7. The as-prepared 
material, with Tc<**133 K, was powdered, dispersed in an 
insulating epoxy down to a volume concentration of 3%, and 
oriented by using a high magnetic field. The superconducting 
grains, which may be considered as isolated, are platelets of 
average width 3 fim and thickness 0.5 /xm. 

The x-ray diffractograms (Fig. 1) confirmed the good 
orientation of the superconducting grains, showing mainly 
the (0 0 1) peaks; only some traces of other reflections could 
be detected. The c-axis spread is A(h*3.5° [full width at half 
maximum of the rocking curve of the (0 0 6) peak]. 

DC magnetization was measured for Hllc and Hllab 
with a Quantum Design superconducting quantum interfer- 
ence device magnetometer, as a function of temperature and 
magnetic field (H<55 kOe). The samples used in these mea- 
surements are bars with typical dimensions 2X2X5 mm3, 
the longest one being either parallel or perpendicular to the 
c-axis direction. 

27 38 
29 (degrees) 

FIG. 1. $-20 diffractogram of a grain-oriented sample. Inset: rocking curve 
of the (006) peak. 

0021 -8979/98/83(11 )/7309/3/$15.00 7309 © 1998 American Institute of Physics 
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FIG. 2. Hysteresis cycles measured at 5, 20, and 40 K, for HI lab and Hllc. 
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FIG. 3. M-J.H) at T=20 and 40 K, for HIIab and Hllc. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the hysteresis cycles for the field applied 
along the two main crystal directions, at T=5, 20, and 40 K. 
The different slopes of the overall M{H) at high fields are 
due to the background contribution of the epoxy used to 
orient the samples. A strong decrease of the superconductor 
hysteresis width with temperature is appreciated. Also, at the 
lower temperatures the ascending and descending field 
branches are quite symmetric, indicating that bulk pinning is 
responsible for the observed magnetic irreversibility. As 
temperature increases and approaches 40 K, the hysteresis 
cycles lose their symmetric character, denoting a strong re- 
duction of bulk pinning. Surface barriers then become the 
main contribution to the magnetic irreversibility of these su- 
perconductors, as revealed by the field return branch becom- 
ing increasingly flat, with magnetization values close to 
zero.8 The crossover from bulk pinning to surface barrier 
irreversibility for Hllc has been carefully analyzed in Ref. 9, 
where it was shown that bulk pinning remains observable up 
to 40 K. 

Dominant contributions of surface barriers to the mag- 
netic irreversibility have been earlier reported for several Hg- 
based compounds, with and without Re.6'10 Our results, how- 
ever, reveal an important difference. For the Hg phases 
without Re, surface barriers seem to dominate in most of the 
H- T phase diagram; bulk pinning is almost unobservable in 
these materials at temperatures above 15 K.10 Yamasaki 
et al. also report surface barrier irreversibility down to 30 K 
for a grain aligned sample with 10% Re. In our samples, with 
18% Re, bulk pinning is still observable at 40 K. Compari- 
son of the aforementioned results suggests thus an enhance- 
ment of the low temperature flux pinning as the Re content 
increases. 

Figure 3 shows the field dependence of the irreversible 
magnetization Afin=|M|-Mj/2 for Hllc andH/lab, at 20 
and 40 K. We appreciate that, in agreement with the above 
arguments, the hysteresis width at 20 K is about a factor of 5 
larger than that observed in Ref. 10 at 15 K, for a sample 
without Re. The critical currents extracted from our Mm data 
by using the critical state model displays in fact quite high 
values; the critical current along the planes y°*;H//c lies 

above 106 A/cm2 at 5 K and 3 T. However, bulk pinning 
displays a strong decay with temperature and field, which is 
responsible for the dominant contribution of surface barriers 
to Mirr at 7>40 K.9 The same feature is observed for the 
unsubstituted samples, although at much lower temperatures. 
Therefore, the improvement of bulk pinning by Re, though 
significant, is not as yet sufficient to make these materials 
interesting for applications at high temperatures or fields. 

We move now to another remarkable feature revealed by 
Figs. 2 and 3; this is the similarity of the magnetic irrevers- 
ibility values—as well as their temperature and field 
dependences—for the field applied along the two main crys- 
tal directions of the superconductor. At low temperatures, 
M Hllc is at most a factor of 3 larger than M HI lab As H 
increases, this difference is even lower, due to the stronger 
decay of M"„ with field. In fact, the Mm(H) curves cross 
each other at high enough temperatures, as clearly appreci- 
ated in Fig. 3 for T=40 K. 

The close values of M™lc and M^ab point to a very 
moderate value of the anisotropy in these materials. In fact, 
analyses of the high field reversible magnetization performed 
on the same grain-aligned samples,11 reveal a very low an- 
isotropy ratio y=mclmab**=5. Yamasaki et al.6 have also re- 
ported 7^8 from equivalent analyses on samples with 10% 
Re. Such low values are to be compared with y«*50, reported 
for a Hg-1223 single crystal.12 These recent works reveal 
therefore a huge anisotropy reduction induced by the Re; 
such a huge effect is outstanding, even though it had already 
been pointed out, as a consequence of the metallization of 
the interlayers. Evidences for this metallization, which would 
be due to the metallic character of Re03, have been claimed 
to exist upon comparison of /JSR data for these and other 
high temperature superconductors.5 

We would like to stress that a misorientation of the ap- 
plied field with regard to the main crystal directions cannot 
account for the similarity of the data for Hllc and HI I ab, 
shown in Figs. 2 and 3. Indeed, unrealistic misorientation 
angles of about 45° should be considered in order to accom- 
modate the M(H) data to the picture of a highly anisotropic 
superconductor in which only Hllc contributes to M. Note, 
for instance, that the magnetization minima, denoting the full 
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penetration of the sample by the applied field, occur at simi- 
lar values for both field orientations, at any temperature. 

On the other hand, we have verified that demagnetiza- 
tion effects are not important by performing M{H) measure- 
ments for both orientations of the external field using 
samples with the long dimension parallel and perpendicular 
to the field; these measurements, which turn out to depend 
only on the orientation of H regarding the crystal axes, have 
allowed to rule out any sample shape effect. 

The low anisotropy of this material is further confirmed 
by the irreversibility lines for Hllab and Hllc, which are 
shown in Fig. 4, for /JL0H<2 T. They have been obtained 
from the merging point of the Zero Field Cooling and Field 
Cooling M(T) curves; at higher fields, both branches of the 
M{T) data approach each other asymptotically and it be- 
comes extremely difficult to define T-m. We see in Fig. 4 
that, for the low field/high temperature range explored, both 
irreversibility lines are almost coincident. Similar conclu- 
sions may be drawn from preliminary AC susceptibility data 
analyses. We would like to remind here that, in this region of 
the H-T phase diagram, magnetic irreversibility is governed 
by surface barriers.9 The likeliness of both Hiu{T) lines 
points, therefore, to a quite isotropic surface barrier contri- 
bution, giving further support to the already discussed low 
anisotropy of these compounds. 

The Re substitution appears thus to influence both bulk 
pinning and surface barriers. The observed effects seem to be 
mainly related to the induced anisotropy reduction, which 
would imply a change of the superconductor dimensionality, 
from two-dimensional to three-dimensional. As already dis- 
cussed, a reduction of the anisotropy y would result in an 
increase of the vortex lines stiffness, which would lead to an 
enhancement of flux pinning, as observed at low tempera- 
tures. At the same time, lower y values would result in an 

increase of the full penetration and irreversibility fields due 
to surface barriers, as shown in Ref. 9. However, other con- 
tributions to the irreversibility, as Re originated microstruc- 
tural changes, might also be relevant. 

In conclusion, we have shown that the magnetic irrevers- 
ibility of Re-substituted Hg-1223 superconductors is larger 
than that of the unsubstituted compounds. We have presented 
evidence that at low temperatures this increase is due to a 
significant improvement of bulk pinning, which overcomes 
the surface barrier contribution up to 40 K. At higher tem- 
peratures, surface barriers dominate the irreversible magne- 
tization, as it happens in the unsubstituted samples. The an- 
isotropic magnetic hysteresis, determined from the hysteresis 
cycles at low temperatures, reveals a very moderate value of 
the anisotropy. Such a surprising effect of the Re-substitution 
is likely due to the reduction of the distance between super- 
conducting Cu-0 planes and the metallization of the inter- 
layers because of the presence of Re03. Both effects might 
lead to the existence of proximity induced superconductivity 
in the interlayers, and therefore account for the low y value, 
which in fact is the lowest reported for high-rc (Tc 

>77 K) superconducting cuprates. Further studies of the an- 
isotropy and pinning in these materials become thus compel- 
ling, since they might be extraordinary interesting for appli- 
cations. 
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We have investigated the RSr2Fe309 (R=La, Y, Pr, and Gd) materials by several experimental 
techniques, including x-ray and neutron diffraction, magnetic susceptibility, and Mossbauer 
spectroscopy measurements. All materials studied are single phase and crystallize in the hexagonal 
perovskite structure. Magnetic susceptibility studies reveal that, for R=La and Pr, the Fe ions order 
antiferromagnetically at about TN= 190 K. Short range magnetic correlations are observed up to 
250 K. For R=La and Pr, 57Fe Mossbauer studies reveal two inequivalent magnetic sextets below 
190 K, with the area ratio 2:1. Above TN, one singlet is observed with an isomer shift value typical 
to Fe4+. For R=Y and Gd, the magnetization curves do not lend themselves to easy determination 
of the magnetic transition due to an extra magnetic phase which exists up to 350 K. This phase is 
a result of deficiency of oxygen. The 57Mossbauer spectra at 300 K indicate two superimposed 
singlet lines, and contain a small magnetic sextet. There is no indication that the R sublattice in 
RSr2Fe309 (R=Pr and Gd) orders magnetically down to 1.5 K. © 7998 American Institute of 
Physics. [S0021-8979(98)49511-2] 

I. INTRODUCTION 

Discovery of high Tc superconductivity (HTSc), above 
90 K in (rare earth) R based oxygen deficient perovskite 
cuprates RBa2Cu307 (R:123) has provoked considerable in- 
terest in superconductivity and magnetism of various R 
based perovaskites.1'2 In principle, R:123 type compounds 
can be obtained with Ba replaced by Sr and Cu replaced by 
Fe.3'4 Fe based oxides (RBa2Fe308 and RSr2Fe3Og) are not 
superconducting.3-5 There are reports of structural magnetic 
and thermal measurements on some members of the series 
RBa2Fe308(RBFO).3~7 Also a unique behavior of 
PrBa2Fe308(PBFO), in terms of magnetic and thermal prop- 
erties was observed in comparison to other R counter parts of 
the same formula.8'9 RBFO compounds are more or less 
widely explored until now.3-9 On the other hand for 
RSr2Fe309(RSFO), while the structural details are available 
for most of R members,10 detailed magnetic measurements 
were reported recently only for LaSr2Fe309(LSFO).n 

In present the article we report details of the structural 
and magnetic properties of RSFO compounds with R=Y, 
La, Pr, and Gd. Details of neutron diffraction, magnetic mea- 
surements, and Mossbauer spectroscopy are to be presented. 

"'Electronic mail: awana@uow.edu.ao 

II. EXPERIMENT 

The samples of RSFO with R=Y, La, Pr, and Gd were 
synthesized through a solid state reaction route with ingredi- 
ents of Y203, La203, Pr60„, Gd203, SrC03, and Fe304. 
The samples were calcined and reground several times at 
temperatures of 950, 1000, 1050, 1100, 1150, 1200, 1250, 
1300, 1350, and 1400 °C, for 24 h at each temperature, to 
ensure the formation of single phase compounds. The 
samples were further annealed at 1000 °C for 48 h in flowing 
oxygen and were subsequently cooled to room temperature 
in the same gas atmosphere over a span of 10 h. Neutron 
diffraction patterns were obtained at room temperature on 
the powder diffractometer at the Missouri University Re- 
search Reactor Centre, with neutrons of wavelength 1.7675 
A. The dc magnetic measurements on solid ceramic pieces in 
the range of 2-300 K were performed in a commercial 
(Quantum Design) superconducting quantum interface de- 
vice (SQUID) magnetometer. The magnetization was mea- 
sured by two different procedures, (a) The sample was zero 
field cooled (ZFC) to 5 K, a field was applied and the mag- 
netization was measured as a function of temperature, (b) 
The sample was field cooled (FC) from above 300 to 5 K and 
the magnetization was measured. The Mossbauer spectro- 
scopic studies (MS) were carried out using a conventional 
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FIG. 1. Observed and fitted neutron diffraction patterns for LaSr2Fe309 and 
PrSr2Fe309 samples, shown one over the other, and taken at room tempera- 
ture. 

constant acceleration spectrometer. The 57Fe MS were mea- 
sured with a 50 mCi 57Co:Rh source and the isomer shift (IS) 
are reported with respect to metallic Fe. 

III. RESULTS AND DISCUSSION 

A. Neutron diffraction 

Figure 1, depicts the observed and fitted neutron diffrac- 
tion patterns for RSFO samples with R=La and Pr. As evi- 
dent from this figure, the samples are single phase with no 
impurity lines in the neutron patterns. All the samples of 
series RSFO with R=Y, La, Pr, and Gd crystallize in the 
Rhombohedral structure (a = b¥=c, a = 90°, ß=90°, and y 
= 120°) with space group R3c. Earlier a cubic structure was 
proposed for the LSFO compound,4'5 but later it was ob- 
served that nearly all R with formula RSFO are better fitted 
in a hexagonal structure.10 The same is true for our samples 
also, where we observed a very good fit to the observed 
patterns with a 7?3c hexagonal structure, see Fig. 1. The a, 
b, and c lattice parameters for various samples of RSFO 
series are as follows: 
YSr2Fe309 

a = b = 5.4664(7) A,    c= 13.3793(34) A, 

LaSr2Fe309 

a = fc = 5.4883(7) A,    c= 13.4331(31)  A, 

PrSr2Fe309 

a = ft = 5.476 01(15) A,    c = 13.3819(7) A, 

and GdSr2Fe309 
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FIG. 2. Temperature dependence of the susceptibility for PrSr2Fe309 mea- 
sured at 20 Oe, and the ZFC branch in inset. Note that the ZFC and FC 
branches merge at 260 K. 

a = b = 5A668(9) A,    c= 13.3798(19) A. 

Our values of a, b, and c-lattice parameters for various 
samples, studied presently are comparable to those reported 
earlier.10 These values of lattice parameters also follow the 
ionic radius difference of the Y, La, Pr, and Gd. Lowest ionic 
size Y and Gd, are followed by relatively bigger ions La and 
Pr with increasing c-lattice parameters. 

B. Magnetic behavior 

The ZFC and FC magnetic susceptibility, measured at 20 
Oe of PrSr2Fe309 (PSFO) is shown in Fig. 2. Generally 
speaking, in both branches, only one distinct anomaly is ob- 
served. In analogy to PrBa2Cu307,

12 it is possible that the Pr 
sublattice is magnetically ordered at low temperatures, but 
this ordering is not visible in the curves. We tend to believe 
that the anomalies in these branches are related to the Fe 
sites. The Neel temperature, ^(Fe) is 195(1) K and is de- 
fined as the peak in the ZFC branch (Fig. 2 inset), which is 
above the sharp decrease position of the FC branch. Within 
the limit of uncertainty the same ^(Fe) is obtained for La 
containing compound. It appears that TN of Fe is about 200 
K for all R, apparently independent of whether the trivalent 
R ions are magnetic (Pr, Fe) or not (Y, La). It is worth 
mentioning here that in RBFO compounds, the PBFO 
showed a unique behavior in terms of Fe ordering 
temperature.8'9 Particularly Fe moment orders around 700 K 
for all studied RBFO compounds, except PBFO, for which 
the same happens at around 290 K. The nearly linear (at high 
applied field) field dependence of the magnetization at 5 K 
(not shown), suggests that Fe sublattice order antiferromag- 
netically (AFM). The irreversibility probably arises from this 
AFM alignment of the Fe sublattice. It is assumed that in the 
FC process the external field causes the spins to cant slightly 
out of their original direction. This canting abruptly aligns a 
component of the moments with the direction of the field, 
and the FC branch is obtained. The effect of field strength on 
the irreversibility is significant. At low applied fields, the 
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FIG. 3. Mossbauer spectra of PrSr2Fe309 in the paramagnetic state (210 K) 
and below TN(Fe). The solid curves are theoretical least square fits in terms 
of 2 subspectra corresponding to inequivalent Fe sites. 

field dependence of the magnetization is not linear, and the 
fact that the ZFC and FC curves merge at 260 K [above 
TN(Fe)], indicated the existence of an internal magnetic field 
at low temperatures, which vanishes at 260 K. The magnetic 
results, shown in Fig. 2, confirm our Mossbauer (MS) stud- 
ies, which are displayed and discussed in the next section. 

C. Mossbauer spectroscopy 

Mossbauer spectrum of 57Fe in PrSr2Fe309(PSFO) at 
210 K [above T^Fe)] is shown in Fig. 3. The main infor- 
mation obtained from visual and computer analysis is the 
presence of two subspectra corresponding to inequivalent Fe 
sites, which are immediately identified from their hyperfine 
parameters: the isomer shift (IS) and quadrupole splitting 
(h=l/4e2qQ) values, with a common line width of 0.40(2) 
mm/s. The dominant line which accounts for 66% of the 
spectra area, has a small IS=-0.11 mm/s and a A of 0.06(1) 
mm/s and can be assigned as Fe4+ in the low spin state. 
Both, the IS = 0.17 and A = 0.07 mm/s of the minor doublet 
(33%), are typical to Fe3+. For R=La, the MS measured at 
various temperatures (not shown) are very similar to the 
spectra shown in Fig. 3, proving the Pr ions are trivalent. 

In fitting the experimental parameters below TN(Fe), the 
iron in PrSr2Fe309 (and for R=La), is composed of predomi- 

nantly Fe3+ (66% at 4.2 K), Fe5+ (33% at 4.2 K), and an 
increasing fraction with temperature of Fe4+ (zero at 4.2 K). 
The 4.2 K spectrum (Fig. 3) is composed of two magnetic 
subspectra with IS = 0.37 and —0.03, an effective magnetic 
hyperfine field: Heff=469(3) and 269(2) kOe (the effective 
quadrupole splitting is zero for both sites), corresponding to 
Fe3+ and Fe6+, respectively. These hyperfine parameters are 
consistent with this assignment. The spectrum at 90 K (Fig. 
3) is fitted in the same manner. It thus assumed, that the 
nonmagnetic Fe4+ ions fraction increases with temperature 
and dilutes the magnetic Fe3+ and Fe5+ ions. At TN(Fc), (the 
Fe4+ fraction becomes 66%) the magnetic order disappears. 

IV. CONCLUSIONS 

In conclusion we assume below ^(Fe), the presence of 
Fe5+ (33% at 4.2 K, lowest IS and small Heff) and Fe3+ 

(66% at 4.2 K, highest IS and large tfeff), and Fe4+ (0% at 
4.2 K, intermediate IS and no Heff). Whereas, at high tem- 
peratures [above T^Fe)], most of the Fe ions are in non- 
magnetic Fe4+ state. The valance fluctuations occur only as a 
single electron process: Fe5+—>Fe4+ and Fe3+—>Fe4+. 

In summary all the samples of series RSr2Fe309 with 
R=Y, La, Pr, and Gd crystallize in hexagonal R3c structure. 
Also their magnetic properties are very similar to each other. 
PrSr2Fe309 behaves magnetically in a similar way as other 
RSr2Fe309 compounds, unlike the case of PrBa2Cu307 and 
PrBa2Fe308, which are reported to have unique 
behavior.8'9-12 
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We report the results on structural aspects, magnetic, and superconducting properties of the 
La1_J.PrxBaCaCu307 system. Both x-ray and neutron diffraction studies reveal that Pr substitutes 
isostructurally in the tetragonal LaBaCaCu307 (La: 1113) system until the complete replacement of 
La by Pr. The superconducting transition temperature, Tc, determined from ac susceptibility 
measurements decreases, with increasing x. The relative Tc depression due to Pr in the 
LaBaCaCu307 superconductor is less in comparison to that found for La-site Pr substituted 
LaBa2Cu307 (La: 123). While the critical Pr concentration (xcr) to completely suppress the 
superconductivity in the former is around 70 at. % of Pr at La site, the same is reported as only 30 
at. % for the latter. For nonsuperconducting samples, i.e., for x = 0.70 and 1.0, possible 
antiferromagnetic ordering with Neel temperatures, TN, of 4 and 8 K, respectively, are observed 
from both dc magnetic and heat capacity measurements. Interestingly in the Laj -^Pr,.: 1113 system 
the ;ccr of Pr is 0.70, and TN of Pr: 1113 is 8 K, while for the La] _^Pr^.: 123 system xCx is 0.30 and 
TN of Pr:123 is 17 K. The results are explained on the basis of distribution of Pr at both RE and Ba 
sites in the RE: 1113 structure. This leads to a lower TN and a less deleterious effect of Pr on 
superconductivity of La:1113 compared to La: 123. © 1998 American Institute of Physics. 
[S0021-8979(98)17411-X] 

I. INTRODUCTION 

High temperature superconductivity (HTSc) above 90 K 
is observed in nearly all RE (rare earth) based REBa2Cu307 

(RE: 123) compounds, except Ce, Pr, and Tb.1 The structure 
of RE based 123 perovskite compound consists of two di- 
mensional Cu-O planes and one dimensional Cu-0 chains 
embedded between Ba and RE layers.2 Both Ce and Tb 
based RE: 123 compounds do not crystallize in the required 
structure: instead they form a multiphase system.3 The situ- 
ation is more interesting in the case of Pr:123 (PrBa2Cu307). 
This compound crystallizes in ideal orthorhombic RE: 123 
structure, similar to that of other superconducting com- 
pounds of this family, yet with no superconductivity.4-15 In 
fact, PrBa2Cu307 is an antiferromagnetic insulator, with Cu 
spins in Cu02 planes ordered near room temperature and Pr 
moments ordered at nearly 17 K.15 However, as far as we 
know, three reports exist in literature which claim supercon- 
ductivity of Pr:123: one on laser ablated Pr0 5Cao 5Ba2Cu307 

thin film,6 another on bulk Prj _^Ca^Sr2Cu2 7Mo0 307
7 and 

one on recently reported PrBa2Cu307 single crystals.8 Unfor- 
tunately, none of these results have been confirmed till now. 
The most promising one is the latest8 by Zou et al. [Jpn. J. 
Appl. Phys., Part 2 36, L18 (1997)]. These authors show 
bulk superconductivity of 80 K for PrBa2Cu307 single crys- 
tals. These results have been greeted with considerable criti- 

cism since the structure of superconducting Pr:123 com- 
pound reveals an anomalously long c axis questioning 
whether this material is truly isostructural with the supercon- 
ducting RE: 123 materials. Moreover, like other reports on 
superconducting Pr:123 compounds,6'7 the latest one,8 also 
lacks the universal reproduction of the same by other groups. 

There are several models in the literature which try to 
explain the nonobservation of superconductivity in 
PrBa2Cu307. The most widely discussed are the hole filling 
model,4'9'10 and pair breaking mediated by the hybridization 
of Pr 4/ with O 2p states.11'12 The hole filling model is 
based on the existence of Pr in a valence state of more than 
+3, and whereby the extra electrons from Pr neutralizes mo- 
bile holes and brings the compound to near insulating re- 
gime. This model also accounts for the restoration of super- 
conductivity in Pr0 5Cao.5Ba2Cu307, where the holes are 
restored by lower valence Ca substitution at Pr site in the 
compound.6 The main drawback of this model is that a va- 
lence state of more than 3+ could never be detected in the 
PrBa2Cu307 compound. In fact the detailed magnetic 
susceptibility,13'14 photoemission spectroscopy,15 x-ray 
absorption,16 and electron energy loss spectroscopy17 results 
altogether favor a +3 valence state of Pr in PrBa2Cu307. 

While the pair breaking model appeared to be promising, 
in that it could explain the suppression of superconductivity 
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in RE^^Pr,.: 123 systems,11'12 pair breaking itself could not 
account for the insulating behavior of the PrBa2Cu307 com- 
pound. 

Two more recent and better understood models are given 
by Fehrenbacher and Rice (FR) and Liechtenstein and Mazin 
(LM).18'19 Both models involve the transfer of holes from 
superconducting pda state to the pair state. In the FR 
model, the p TT orbitals of the planar oxygens neighboring a 
Pr ion, form a hybrid with the Pr-/^.^) orbital, which is 
strongly localized.18 Further in this model, the pn holes are 
predominantly planer (pxy), according to LM,19 the same 
have comparable amounts of pxy and pz character. The FR 
and LM models could also gain credence from recent x-ray 
absorption spectroscopy results on the y1_A.PrxBa2Cu307 

system.20 Although both the FR and LM models explain the 
insulating behavior of PrBa2Cu307, they do not successfully 
account for the TN of nearly 17 K for Pr moments in this 
compound. 

With more and more experimental results appearing in 
the literature the mystery of nonsuperconducting 
PrBa2Cu307 is becoming increasingly complicated. In the 
present study we report an interesting result on two different 
types of Pr doped RE: 123 compounds, with the same rare 
earth, La. These results suggest that both Tc suppression and 
the antiferromagnetic ordering of Pr moments are closely 
related to each other. We study the compound 
La1_^Pr^.BaCaCu307 with several x values and compare the 
same with reported data21 on Laj _ArPrA.Ba2Cu307. Our struc- 
tural, magnetic and thermal measurements on this system 
show that the critical concentration of Pr (xcr) to quench 
superconductivity in this system is 0.70 which is double of 
that found earlier for La]._A.PrA:Ba2Cu3O7(xcr=0.30). 

II. EXPERIMENT 

Samples of the series Laj _^Pr^BaCaCu307, with x=0.0, 
0.10, 0.20, 0.30, 0.40, 0.50, 0.60, and 1.0, were prepared by 
a solid state reaction from La203, BaC03, CaC03, Pr6On, 
and CuO each of AN purity with the procedure, as reported 
in Ref. 22. The samples were characterized for their phase 
purity by x-ray diffraction (XRD) measurements. Alternating 
current magnetic susceptibility measurements were carried 
out on a Quantum Design SQUID magnetometer, in an ap- 
plied r.m.s. field of 0.01 mT and 31 Hz. Neutron diffraction 
patterns at room temperature were obtained for the samples 
with x = 0.0 and 1.0 using the research reactor facility of the 
University of Missouri. The experimental details are similar 
to those reported earlier for RE: 123 ceramic samples.23 

III. RESULTS AND DISCUSSION 

X-ray diffraction studies show that La1_xPrJ.BaCaCu307 

samples are nearly single phase materials. All the samples 
crystallize in a P4/mmm tetragonal RE: 123 phase with a de- 
crease in the c parameter with increasing x.22 The 
LaBaCaCu307 compound is known to crystallize in the te- 
tragonal RE: 123 structure, despite having an oxygen content 
close to 7.0, due to the intermixing of La, Ba, and Ca sites 
which gives rise to equally occupied 0(1) and 0(5) sites in 
CuO chains, resulting in a = b.24,25 

X= 1.4783 A 

-i 1 1 1 r 
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FIG. 1. Fitted and observed Neutron diffraction patterns for LaBaCaCu307 

and PrBaCaCu307 samples, taken at room temperature. 

Room temperature observed and fitted neutron diffrac- 
tions patterns for PrBaCaCu307 and LaBaCaCu307 

compounds are shown in Fig. 1. In addition to the lines from 
main phase, both the samples show a few diffraction lines 
from unreacted species in their respective spectra, similar to 
those observed earlier in x-ray diffraction patterns of these 
compounds.22'26 The results of the Rietveld refinement pro- 
cedure using the Generalized Structural Analysis System 
(GSAS) for LaBaCaCu307 sample reveal that part of La oc- 
cupies Ba site with a corresponding amount of Ca occupying 
the nominal RE site. Quantitatively 46% of Ca atoms occupy 
the usual La site, and the remaining 54% are at the Ba site. It 
is presumed that a similar situation occurs when Pr is substi- 
tuted at La site, i.e., part of Pr occupies the Ba site. Unfor- 
tunately, the neutron scattering cross sections of Pr and Ba 
are very similar preventing accurate determination of their 
occupancies. The oxygen contents of the two samples were 
found to be 7.01 and 6.86, respectively, for x = 0.0 and 1.0. 

In Fig. 2 are shown the real and imaginary parts of ac 
susceptibility versus temperature plots for the 
La! _xPrxBaCaCu307 system with various x values. The inset 
shows the Tc vs x behavior for the presently studied system 
and that reported in La] _jrPrxBa2Cu307 system.21 The super- 
conducting transition temperature, Tc, is defined as the onset 
of the diamagnetic transition, which is around 70 K for the 
unsubstituted sample. Tc decreases with creasing x in both 
Lai _xPrxBaCaCu307 and Laj _^Pr^Ba2Cu307 systems. In 
RE! -XPTX : 123, the depression of Tc depends strongly on the 
ionic radius of the host rare earth. Hence a comparison of the 
Lai -^Pr^BaCaCu307 system can be made with the Pr substi- 
tuted La: 123 system only. As seen from inset of Fig. 2, the 
critical Pr concentration (xcr) for destroying superconductiv- 
ity is 0.70 in the Laj _;(PrtBaCaCu307 system, while the 
same is nearly 0.30 for the La] _^PrxBa2Cu307 system. This 
shows that Pr is less effective in destroying the superconduc- 
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FIG. 2. ac susceptibility (both real and imaginary parts) vs temperature plots 
for La] _^Pr^BaCaCu307 system with various x values, the inset shows the 
Tc vs x behavior for presently studied and reported (Ref. 21) 
La[ _^PrxBa2Cu307 systems. 

tivity of Lai^Pr^BaCaG^Oy than that of La1_^PrA.Ba2 

Cu307. 
The susceptibility (x) of both x = 0.70 and 1.0 samples 

showed deviations from the standard Curie-Weiss behavior 
at 4 and 8 K, respectively. Heat capacity measurements22 

also show humps at these temperatures. These results indi- 
cate the possibility of magnetic ordering of Pr moments at 
these temperatures in the two compounds. Incidentally, simi- 
lar deviation in dc magnetic susceptibility measurements and 
a broad hump in Cp occurs at 17 K for the PrBa2Cu307 

compound (see, for instance, Ref. 5). Interestingly, while the 
xCI is higher, the TN of Pr is lower for the presently studied 
system than for La1_j:Prx:123. The lower TN of Pr in the 
Lai_xPrxBaCaCu307 system, perhaps explains the less del- 
eterious effect of the Pr on superconductivity. 

The high TN of Pr in Pr:123 type compounds is pre- 
sumed to arise from the strong hybridization of Pr 4/orbital 
with the neighboring Cu-0 conduction band.5 Decreased 
oxygen content in Pr:123 compounds, decreases the number 
of charge carriers in the Cu-0 conduction band and in- 
creases the Pr to Cu-0 distance, which results in a decreased 
TN. For example, a rÄ of 12 K is reported for 
PrBa2Cu306 4.27 This shows that the small decrease of oxy- 
gen content in our sample of composition PrBaCaCu306 86 

cannot explain solely the lowering of TN to 8 K. Another 
possible and more viable reason for the decreased TN may be 
the distribution of Pr at both the usual Pr site (sandwiched 
between two Cu-0 planes) and the Ba site. This may result 
in a lower TN and a less destructive effect of Pr on super- 
conductivity in the present system.28 

In conclusion our study indicates that superconductivity 
can be induced in RE^^Pr^:^ compounds for higher x 
values by separating the Pr from Cu-0 conduction band. In 
this way one can decrease the magnetic interaction of Pr 4/ 
with the Cu-O conduction band and induce superconductiv- 
ity in Pr:123 type compounds. 
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Magnetic properties of Pb2Sr2PrCu308 studied by ac susceptibility 
S. Y. Wu, Y. C. Chang, K. C. Lee, and W.-H. Li 
Department of Physics, National Central University, Chung-Li, Taiwan 32054, Republic of China 

The magnetic responses of vacuum annealed polycrystalline Pb2Sr2PrCu308 to a magnetic field have 
been studied by ac magnetic susceptibility measurements, where both the in-phase component x' 
and the out-of-phase component x" were measured. Diamagnetic responses in x'(T) below 60 K 
were clearly seen, showing the occurrence of superconductivity, but it is filamentary. This 
filamentary superconductivity was also evident in the x"(T). Under an applied dc field, both the 
x'(T) and x"iD behave as what are expected for a superconducting system. At lower temperatures, 
a well-defined peak associated with the Pr spin ordering is also clearly revealed at 5 K. 
Correspondingly, an anomaly is also seen in the specific heat data. © 1998 American Institute of 
Physics. [S0021-8979(98)22911-2] 

Since the discovery of high-rc oxides, intensive studies 
have been made on this class of material, especially on their 
superconducting and magnetic properties. Yet, many physi- 
cal phenomena are still not well understood. In the Pb-based 
2213 systems, Pb2Sr2RCu308+A. (R=rare earth), supercon- 
ductivity around 70 K has been observed in the alkaline earth 
metal doped compounds.1'2 For the alkaline earth metal 
free compounds, filamentary superconductivity and 
superconducting-like resistivity drop around 70 K have been 
reported.3'4 The crystal structure of the Pb2Sr2RCu308+x 

compound can be obtained from the well-known 
RBa2Cu306+;c structure by replacing the CuO-chain layer in 
the latter with two PbO and one Cu layers for the former. In 
this paper, we report the observations of superconductivity 
and magnetic order of the Pr spins in a polycrystalline 
Pb2Sr2PrCu308 compound by using ac magnetic susceptibil- 
ity and specific heat measurements. 

A vacuum annealed polycrystalline sample of 
Pb2Sr2PrCu308 was prepared by the two-stage solid state re- 
action techniques. High purity powders of SrC03, Pr203, 
and CuO with a ratio of Sr:Pr:Cu=2:l:3 were well mixed 
and calcined at 930 °C in air for 12 h with two intermediate 
grinding. The obtained precursor Sr2PrCu30^. powders was 
then mixed with an appropriate amount of high purity PbO 
powder, followed by a heating in air at 750 °C for 12 h with 
three intermediate grinding. The reacted powders were then 
pressed into pellets and annealed at 870 °C in vacuum of 
pressure 10~2 Torr for 24 h, followed by furnace cooling to 
room temperature. The sample fabricated was characterized 
by a complete structural analysis using x-ray diffraction and 
Rietveld analysis.5 High resolution diffraction pattern taken 
at room temperature was analyzed using the General Struc- 
ture Analysis System (GSAS) program of Larson and von 
Dreele.6 The diffraction pattern obtained may be well de- 
scribed using the structure reported7 for Pb2Sr2YCu308. The 
refinement was carried out assuming the symmetry of space 
group P21/m. In the refining process, all structural param- 
eters were allowed to vary simultaneously unit Rw, the 
weighted R factor,6 differed by less than one part in a thou- 
sand in two successive cycles. Only a few additional very 
weak peaks were present, showing the compound is practi- 

cally of single phase. We estimated that the impurity phases 
should be less than 3%. Careful analysis of the occupancy 
factor of the oxygen atoms showed that the O sites were 
almost fully occupied. The compound crystallizes into a 
monoclinic phase with lattice constants a=5.3901(4)Ä, 
b=5.4302(4) Ä, c = 15.655(1) Ä, and the angle between the 
a and b axes ß= 89.69(4)° at room temperature. 

The ac susceptibility measurements were performed us- 
ing a Lake Shore 7221 ac susceptometer, with which both 
the in-phase component x' and the out-of-phase component 
x" can be measured simultaneously. Shown in Fig. 1 are the 
low temperature portions of x'(T) measured using driving 
fields of rms strength 1 Oe and at three frequencies. Above 
60 K, x'(T) is essentially independent of the driving fre- 
quency used, and it follows the Curie—Weiss law. The solid 
curve shown in Fig. 1 is an extrapolation of a fit to x'(T) 
data obtained between 80 and 320 K (not shown) to the 
expression ^Q + C/(T- 6), where Xo is a temperature inde- 
pendent constant represents the contribution from the con- 
duction electrons. Using the fitted value for the Curie-Weiss 
constant C, we obtained a value of 2.90 fiB for the effective 
moment. The value obtained for fieff is about 20% smaller 
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FIG. 1. Temperature dependence of x' measured at three driving frequen- 
cies. Diamagnetic responses below 60 K and a well-defined peak at 5 K are 
clearly seen. 
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FIG. 2. Temperature dependence of the specific heat measured using the 
time constant techniques (Ref. 8). The anomaly seen at low temperatures is 
associated with the ordering of the Pr spins. The solid curve shown is a fit of 
the data obtained between 15 K=sr=s40 K (not shown) to the expression 
C/T= y+ßT2, with y=212 mJ/mol K2 for the contribution from electrons 
and y8=6.4 mJ/mol K4 from phonons. 

than the value of 3.58 /JLB expected for the free Pr ions. This 
discrepancy likely originates from the crystalline electric 
field effects. 

The main features seen in Fig. 1 are the diamagnetic 
responses occur below —60 K and the well-defined peak at 5 
K. The diamagnetic responses, which are essentially inde- 
pendent of the driving frequency used, signifies the occur- 
rence of superconductivity. Although negative values for x' 
were obtained at temperatures below 40 K, it is obvious that 
the screening effect is never complete. By fitting the x'(T) 
data obtained between 20 and 60 K to the Meissner diamag- 
netic screening function, it shows that only about 2% of the 
sample volume shows a superconducting phase. The super- 
conductivity observed is only filamentary. It is possible that 
the observed superconductivity is of impurity-origin, since a 
2% impurity volume can usually not be identified by x-ray 
diffraction technique. The other possible explanation, how- 
ever, is that oxygen is unevenly distributed in the sample, 
that is likely to happen for high-T^ oxides, and superconduc- 
tivity occurs only in the portion that contains "correct" oxy- 
gen concentration. 

At lower temperatures, x' begins to show an upturn 
around 15 K. A peak in x'(T) is clearly seen at 5 K. Corre- 
spondingly, an anomaly is also seen in the specific heat data 
shown in Fig. 2, where the low temperature portion of CIT 
vs T2 is plotted. Both anomalies are associated with the or- 
dering of the Pr spins, and it has an antiferromagnetic char- 
acter as a cups is present in x'(T). The correlated Pr spins 
respond ' 'better'' to lower driving frequencies, as the peak in 
x'(T) goes higher when lower frequencies were used. This 
frequency-dependent behavior becomes less pronounced in 
the higher frequency regime. Beyond 5000 Hz, x'(T) be- 
comes essentially frequency independent. It, nevertheless, 
still indicates that the relaxation rate of the correlated Pr 
spins is relatively slow. We note that no frequency depen- 
dence was found for the paramagnetic Pr spins. Showing 
their relaxation rate is far beyond the driving frequency used. 

In Fig. 3(a) we show the effects of the strength of the 
driving field on x'(T). As the strength of the driving field 
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FIG. 3. Effects of the strength of driving field on (a) x'(T) and (b) /{T). 

was raised, the diamagnetic responses become weaker while 
it places no obvious effects on the paramagnetic and spin 
ordered states. These behaviors are understandable, since su- 
perconductivity is expected to be weakened by a magnetic 
field and a field of strength several Oe is not strong enough 
to alter Pr spins. The Pr ordering and the occurrence of su- 
perconductivity are also evident in x"(T) shown in Fig. 3(b), 
where two dissipation peaks at 5 and 18 K are clearly seen. 
The former is associated with the losses occurring as the Pr 
spins order, and the latter shows the losses to the supercon- 
ducting grains. The temperature at which x'(T) reaches its 
minimum value matches to the temperature at which x"(T) 
peaks. This phenomenon may be understood easier if we first 
consider a superconducting system to be at a low tempera- 
ture, at which the flux is fully excluded from the polycrys- 
talline grains. The contribution to x" is then small. As the 
field begins to penetrate into the grains at a higher tempera- 
ture, the loss increases. It peaks when the field penetrates 
into the grains completely. Above this temperature, less and 
less of the grain volume remains superconducting, and the 
diamagnetic response become weaker while the loss relaxed. 

The effects of an applied dc magnetic field on the mag- 
netic responses at two representative temperatures are shown 
in Fig. 4. At 20 K, the main contribution to x' is from the 
intragranular screening current, the diamagnetic response 
was found to weakened by the applied dc field, as expected. 
Figure 4(a) shows that the diamagnetic response is mostly 
suppressed by an applied field of strength 2 kOe, beyond that 
it is gradually smeared, and is still evident at 10 kOe. At 4.5 
K, x' first increasing and then decreasing with increasing 
strength of the applied field, as seen in Fig. 4(b). Neutron 
diffraction measurements9 have confirmed that the Pr spin 
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FIG. 4. Effects of an applied dc magnetic field on x' at two representative 
temperatures. 

ordering is antiferromagnetic in nature. An applied field is 
expected to reduce the magnetic response from ordered Pr 
spins. The enhancing of \' by a low applied field than origi- 
nates from the suppression of the diamagnetic response, that 

indicates the superconductivity remains as the Pr spins order. 
Beyond 2 kOe, this suppression effect is much reduced, as 
seen in Fig. 4(a), the contribution to x' fr°m ordered Pr spins 
becomes dominating and a decreasing x' with increasing 
strength of the applied field is then observed. 

In summary, we have observed filamentary supercon- 
ductivity and Pr spin ordering in a vacuum annealed poly- 
crystalline Pb2Sr2PrCu308 using ac susceptibility and spe- 
cific heat measurements. Competition between superconduc- 
tivity and magnetic order was seen as an applied magnetic 
field is present. An applied field of strength 2 kOe suppresses 
about 80% of the diamagnetic response, it, however, is still 
evident at a strength of 10 kOe. 
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The specific heat cp(T) and the magnetization M{B,T) of the layered superconductors 
Y2C2I2, Y2

13C2I2 (7>10 K), Y2C2Br2 (rc~5 K), and of Y2C2Br0.5IL5 (2>11.6 K) were 
measured from 2-80 K in magnetic fields up to 10 T. All samples exhibit sharp phase transitions in 
zero field. The jump Acp at Tc is drastically reduced in amplitude and broadens significantly with 
increasing field. The temperature dependence of Acp(T) and of BC(T) is analyzed and is consistent 
with strong electron-phonon coupling. The 13C/12C isotope effect of Y2C2X2 is found to be nearly 
zero. In contrast to this finding the 3-dimensional parent compound YC2 shows weak-coupling BCS 
behavior. The anisotropic thermodynamic parameters of the materials are evaluated and discussed. 
© 1998 American Institute of Physics. [S0021-8979(98)18711-X] 

I. INTRODUCTION 

Materials with layered crystal structure display a wealth 
of unusual electronic effects. Well known recent examples 
are the exceptionally high transition temperatures of the cu- 
prate high Tc superconductors and the manganates. In the Bi, 
Tl, and Hg based cuprate systems the anisotropic supercon- 
ducting parameters are strongly modified by the thickness 
and character of the rocksalt-type building blocks between 
the Cu-0 units which essentially contain the carriers of the 
superconductivity.1 In addition the Bi, Tl, or Hg-0 units 
provide a charge reservoir for the doping of the Cu-0 layers. 
However, other superconducting materials with quasi-two- 
dimensional layered structure were studied intensively since 
the 1970s. Among them are the layered Ta and Nb dichalco- 
genides and their intercalated derivatives2 and intercalated 
graphites which display less spectacular transition tempera- 
tures. In these materials the interlayer distance can be varied 
by intercalation and the transition from three-dimensional to 
quasi-two-dimensional superconductivity could be studied 
favorably. The variation of the interlayer coupling has a tre- 
mendous effect on the superconducting properties, e.g., Tc 

and the critical fields. It is widely believed that low- 
dimensional and especially layered structures provide opti- 
mum conditions for superconductivity with high Tc ,3'4 

In this contribution we report on thermodynamic mea- 
surements on superconducting metal-rich rare-earth carbide 
halides RE2C2X2 with RE either Y or La, and the halide X 
being Cl, Br, or I. These compounds were found to be 
superconducting5'6 with a maximum Tc up to 11.6 K. They 
adopt a layered crystal structure (monoclinic Gd2C2Cl2 type, 
space group C2/m7'8) with units of bilayers of close-packed 
RE metal atoms which are sandwiched between layers of 
halogen atoms X (see Fig. 1). The thick and strongly elec- 
tronegative halogen atom double layers lead to ionic bonds 
between X and RE atoms and to a van der Waals gap result- 
ing in very weak bonds between adjacent RE2C2 building 
blocks (distance 6.85 A in Y2C2Br2). In the RE atom bilay- 
ers (Y-Y distance 3.76 Ä) the octahedral voids are filled 
with dimeric C-C dumbbells. Depending on the mean radius 
of the halogen composition X=(Cl,Br,I) the stacking se- 

quence of the layers, the lattice constants, and the Tc varies. 
Tc reaches a maximum of 11.6 K at a composition of 
Y2C2Br05I15.6'9 The layered compounds Y2C2X2 are closely 
related to the three-dimensional superconducting dicarbide 
YC2.10 This compound is a textbook example for a weak 
coupling BCS superconductor with KQL*=>1/\[2 and with a 
clear 13C/12C isotope effect of -0.51(7) demonstrating that 
the vibrations of the C-C dumbbells are important for the 
pairing mechanism.9 

II. RESULTS AND DISCUSSION 

The samples were prepared by heating Y metal chips, 
YX3, and graphite powder to 1320 K in sealed tantalum 
crucibles.7 The <50 ^tm sized crystallites were single phase 
as characterized by x-ray and neutron diffraction.9 The com- 
pounds are very sensitive to moisture. All handling and mea- 
surements were done in a glove box with dried argon atmo- 
sphere or in specially fabricated quartz or Duran glass 
ampoules. For cryogenic measurements the ampoules were 
filled with He exchange gas. Specific heat was measured 

A 

ß 
c 
a 
B *m 

~*\   1 

FIG. 1. Perspective view of the crystal structure of 3i-Y2C2Br2 along [010]. 
The monoclinic unit cell is indicated by the dashed line. 
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FIG. 2. Low field part of the isothermal magnetic polarization of Y2C2I2 for 
2.0 K<T<9.9 K. 

with the quasiadiabatic step-heating method in an improved 
version of a calorimeter as described in Ref. 11. Magnetic 
fields up to 10 T were applied. The shift of the Cernox ther- 
mometer temperature calibration curve with field AT(R,B) 
was calibrated in-situ and corrected for in the cp(T) mea- 
surements. 

Isothermal dc-magnetization measurements of the 
Y2C2l2 sample (Fig. 2) were recorded in a SQUID-magneto- 
meter. The curves are typical for a type-II superconductor 
with a large Ginzburg-Landau (GL) parameter (/cGL«=60). 
An upper estimate for the first critical field Bcl(0) = 6 mT is 
gained from the deviation of the isotherms from their initial 
linear rise. The interceptions of the isotherms with B = 0 
were used for the determination of the upper critical field 
Bc2(0)= 11.8(2) T. The corresponding values for Y2C2Br2 

areßcl<1.5 mT, Bc2 = 3.0(2) T, and «:GL«=50.9 

The temperature dependence of the critical fields and of 
the electronic specific heat Acp(T) of a superconductor is 
given by its gap, i.e., determined by the electron-phonon 
coupling strength a = A{0)/kBTc. A phenomenological 
model describing the thermodynamics at arbitrary coupling 
strength is given by the a-model by Padamsee et al.12 This 
model is fitted to the data of the thermodynamic critical field 
Bcth(T) obtained by integration of the isotherms. The result 
for Y2C2I2 is a=2.15±0.10 which is in the range of inter- 
mediate strong coupling. The deviation of Bcth(T) from the 
parabolic law is quite small and therefore the thermodynam- 
ics of Y2C2I2 is described well by the two fluid (2fl) model. 

The specific heat of the four Y2C2X2 compounds is plot- 
ted in Fig. 3. As expected the bromine compound has the 
lowest lattice specific heat, i.e., the highest Debye tempera- 
ture (©D(0)«l/>/Af; M=molar mass). We roughly esti- 
mate 0D=24O±1O K for the Y2C2Br2 and 210±10 K for 
Y2C2I2, taking into consideration the y2fl-values as deter- 
mined below. 

Powder samples sealed in Duran glass ampoules with 
4He contact gas («= 1 bar) is a technique utilized successfully 
in cp measurements for many years in our laboratory. How- 
ever, in measurements on Y2C2X2 samples we detected an 

1.0 

0.8 

*->  0.6 

0.4 

0.2 

50 

FIG. 3. Specific heat cp(T)IT of Y2C2X2 samples. The data for Y2
13C2I2 and 

Y2C2I2 are identical within error bars. 

upturn in cpIT at temperatures below 4.4 K13 and broad 
peaks at «=3.7 and «=2.0 K. These peaks we assign to the 
desorption and to the \ transition of 4He adsorbed on the 
(large) internal surface of the layered Y2C2X2 crystallites. 
3He offers the advantage of a substantially higher vapor pres- 
sure below 5 K. We therefore resealed the Y2C2X2 samples 
under «=0.5 bar of 3He gas at ambient temperature. 

In Fig. 4 the specific heat of Y2C2I2 (sample from Ref. 
13 with 3He contact gas) is given in a cp/T vs T2 represen- 
tation for various magnetic fields. The results above 6 K are 
identical to the previous data13 and there are no peaks below 
4.2 K. However, even with this precautions an upturn in 
CpIT below 3.2 K remains. This may originate from 3He 
desorption and/or «=0.5% of S = \ paramagnetic impurities 
found by high field susceptibility measurements.9,13 A clear 
phase transition, a sharp step in cp(T), can be seen at 9.94 K 
(calorimetric midpoint) for B = 0 T, indicating bulk super- 
conductivity.13 Closer inspection of the data in 6 and 10 T 
shows that the step at TC(B) is depressed to temperatures 
below 4 K for a field or 10 T. The 10 T data extrapolate to an 
intercept y*«= 35(5) mJ/mol K2. 

The midpoint of the transition of the iodine sample with 
13C is at 9.76 K which would correspond to an 13C/12C iso- 
tope effect of —0.23. However, the Tc of our samples of 

T> (Ka) 
120 

FIG. 4. Specific heat cp(T,B)/T vs T2 of the Y2C2I2 sample in magnetic 
fields up to 10 T. 
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FIG. 5. Difference A.cp(T,B)/T=[cp(T,B)-cp(T,lO T)]/T of the specific 
heat of the Y2C2l2 sample. The full line is a fit with the two fluid model, the 
dashed line a fit with the weak coupling BCS theory (see the text). 

Y2C2I2 show some scatter and the result should be taken 
more as an upper limit for this isotope effect. In an earlier 
determination of the 13C/I2C isotope effect of the bromine 
compound, which has a very good reproducibility of Tc, we 
found 0.00±0.05 by susceptibility measurements.6'9 

Figure 5 displays the difference Acp(T,B) between 
cp(T,B) and cp(T,10 T), i.e., the purely electronic specific 
heat difference between superconducting and normal state. In 
this representation it can be clearly seen that the supercon- 
ducting transition in magnetic fields broadens strongly and 
two characteristic temperatures becomes discernable. For ex- 
ample, in the curve for B = 0.5 T a clear kink at 7.74 K and 
a first deviation from the expected straight step at 9.45 K are 
visible. The sample consists of small crystallites with c axes 
enclosing a random angle 4>t0 the direction of the magnetic 
field B. This results in a distribution of the critical field 
BC{T,4>) limited by the values for B\\c and Blc. The lower 
temperature kinks in the Acp(T,B) curves have therefore to 
be assigned to TC(B) with B perpendicular to the layers and 
the higher characteristic temperature to TC(B) for B parallel 
to the layer structure, i.e., B perpendicular to the c axis. An 
evaluation of the temperatures of the kinks and of the first 

deviation from the idealized steps for all measured fields 
yields Bm(0)^l T (Blc) and fic21(0)5=1.5 T. The an- 
isotropy factor is about 4.7(3), consistent with values of «5 
from determinations on larger single crystals of Y2C2I2 with 
magnetization measurements.9 This value is similar to that of 
fully oxygenated YBa2Cu307.1 

An analysis of the electronic specific heat difference 
Acp(7\0) of Y2C2I2 between 0 and 10 T was carried out 
within the weak coupling BCS theory14 (Fig. 5 dashed 
line) and the two fluid (2fl) model (Fig. 5 full line). The 
excellent agreement of the data with the latter model is also 
rendered from the interception of the cp(T) curves in 0 
and 10 T at 0.58rc in agreement with the 2fl model re- 
sult. The fitted parameters are the electronic coefficient 
y2fl=9.01(6)mJ7mol K2 and Tc=9.94(l) K. These values are 
very near to those determined in Ref. 13. The narrow tran- 
sition width of about 0.01 Tc proves the sample's homo- 
geneity. 

In conclusion, the layered Y2C2X2 compounds are inter- 
mediate strong coupling, extreme type-II bulk superconduct- 
ors with Tc upto 11.6 K at present. These findings differ 
markedly from that for the structurally closely related car- 
bide YC2 which has a three-dimensional structure.13'10 

'D. R. Harshman and A. P. Mills, Jr., Phys. Rev. B 45, 10 684 (1992). 
2L. N. Bulaevskil, Sov. Phys. Usp. 18, 514 (1975). 
3V. L. Ginzburg and D. A. Kirzhnits, High-Temperature Superconductivity 

[Consultants Bureau (Plenum), New York, 1982]. 
4T. H. Geballe, in Physics of High-Temperature Superconductors, No. 106, 
in Springer Series in Solid-State Sciences, edited by S. Maekawa and M. 
Sato (Springer, Berlin, 1992), p. 339; Science 259, 1550 (1993). 

5 A. Simon, H. Mattausch, R. Eger, and R. K. Kremer, Angew. Chem. Int. 
Ed. Engl. 30, 1188(1991). 

6A. Simon et al, Z. Anorg. Allg. Chem. 622, 123 (1996). 
7U. Schwanitz-Schüller and A. Simon, Z. Naturforsch. B 40, 710 (1985). 
8H. Mattausch, R. K. Kremer, R. Eger, and A. Simon, Z. Anorg. Allg. 
Chem. 609, 7 (1992). 

9R. W. Henn, Ph.D. thesis, Universität Karlsruhe, 1996. 
10Th. Gulden et al, Phys. Rev. B 56, 9021 (1997). 
11E. Gmelin, Thermochim. Acta 110, 183 (1987). 
12H. Padamsee, J. E. Neighbor, and C. A. Shiffman, J. Low Temp. Phys. 12, 

387 (1973). 
13 R. W. Henn, W. Schnelle, R. K. Kremer, and A. Simon, Phys. Rev. Lett. 

77, 374 (1996). 
14B. Mühlschlegel, Z. Phys. 155, 313 (1959). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

H-Tphase diagram for the giant magnetic flux jumps in low temperature 
superconductors and high temperature superconductors 

V. V. Chabanenko,a) A. I. D'yachenko, and A. V. Chabanenko 
Donetsk Physico-Technical Institute, Academy of Sciences, Ulitsa R. Luxembourg, 72, 340114 Donetsk, 
Ukraine 

H. Szymczak, S. Piechota, A. Nabialek, and N. D. Dung 
Institute of Physics, Polish Academy of Science, Al. Lotnikow 32/46, 02-668 Warsaw, Poland 

We have studied magnetothermal instabilities both theoretically and experimentally. 
Magnetostriction and magnetization hysteresis loops with flux jumps were calculated over a wide 
range of experimental parameters employing three critical state models: the original Bean model, the 
Kim-Anderson model, and the exponential model. The influence of the magnetic prehistory on the 
flux jumps, magnetostriction, and the magnetization was investigated for the LaSrCuO crystal. H- T 
diagrams of flux instabilities were constructed from calculation and from experimental results. One 
can see good qualitative agreement between these two diagrams. © 1998 American Institute of 
Physics. [S0021-8979(98)30111-5] 

I. INTRODUCTION 

When the magnetic field is ramping, the appearance of a 
small increase temperature leads to decrease of the value of 
the critical current density of hard type II superconductors. In 
adiabatic conditions this increases dissipation and can lead to 
a "thermomagnetic catastrophe." As a result, giant flux 
jumps appear and the sample goes to the resistive or normal 
state. The investigation of flux instabilities in high tempera- 
ture superconductors (HTSCs) is interesting because of their 
potential applications as well as the importance of gaining a 
fundamental understanding of the phenomenon. We have 
studied magnetothermal instabilities both theoretically and 
experimentally in LaSrCuO. 

II. H- T DIAGRAM OF FLUX INSTABILITIES: THEORY 
AND EXPERIMENT 

The influence of the magnetic prehistory on the flux 
jumps was investigated in the LaSrCuO crystal. Magneto- 
striction and magnetization hysteresis loops with flux jumps 
were calculated employing three critical state models: the 
original Bean model, the Kim-Anderson model, and the ex- 
ponential model. 

A. Critical state 

Let us consider the pinning induced magnetization and 
magnetostriction loops with flux jumps for a specimen hav- 
ing a slab geometry with thickness of L = 2d( — d^x^d). 
Suppose that the external magnetic field He is applied paral- 
lel to the slab face. The magnetic field profile H(x) inside 
the slab is given by the solutions of the critical state equa- 
tion, 

dBldx= — fi0J(x), 

where current density |/(x)| = 

(1) 

\Jc(x)|fj,0, the permeability of 
vacuum. This critical-state equation can be used to determine 

the magnetization and the magnetostriction when H>Hcl 

(for YBCO the lower critical field H is of the order of sev- 
eral hundred gauss at T=0 while the flux jumps are ob- 
served at the fields fi0H of the order of several tesla). Ac- 
cording to the Kim-Anderson model1 

JC(B)=±J0(T)B0/(B0+\B\); (2) 

here B0 is a phenomenological parameter and J0 is the criti- 
cal current density at zero magnetic field B in HTS materials 
J0(T)~J0(0)(l-T/Tc). Integration of Eqs. (1) and (2) 
gives 

B±(x) = B0-[(B0-B*)2±2^0J0(x-x*)B0]m, 

B(x)<0, 

B±(x)=-BQ + [(B0 + B*)2±2fji0J0(x-x*)B0]m, 

B(x)>0. 

(3) 

The sign +(—) corresponds to domains of vortices where 
dB/dx>0(dB/dx<0) and the field B* = B(x*). In the ex- 
ponential model2 the critical current density is expressed as 
follows: 

Jc(B) = ±J0exp(-B/B0), (4) 

"'Electronic mail: chaban@host.dipt.donetsk.ua 

and the sign shows the flow direction of the current. Integra- 
tion of Eqs. (1) and (4) provides the local field distribution, 

B±(x) = B0ln[exp(B*/B0)±fi0J0(x-x*)/B0], 

B(x)>0, 

B±(x) = B0 \n[exp(-B*/B0)±/ji0J0(x-x*)/B0], 

B(x)<0. (5) 

Here the sign +(—) again corresponds to the local field dis- 
tribution where dB/dx>0 (or dB/dx<0) and the boundary 
field B* = B(x*). The full magnetic field profile in the 
sample is given by a combination of solutions (3) and (5). 
The parameters x* and B* are chosen so that the condition 
/x0He = B(x = 0) holds and the field B(x) distribution is con- 
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tinuous. Comparison of solutions (3) and (5) shows that they 
are close to each other if B*/B0< 1. From the four solutions 
[those in (3) and (5)], all the necessary magnetic field pro- 
files can be constructed.3'4 When the value of the magnetic 
field B(x) is known, the magnetization M and magnetostric- 
tion AL/L0 can be calculated by simple integration 

fd 
AL(B)/L0=-l/(fi0EL0)     [B2

e-B2(x)]dx, 
Jo 

M(B) = V(/JL, 0d) I" 
Jo 

B(x)dx-He; 

(6) 

(7) 

here E is the elastic constant of the material along the x axis, 
L = 2d. 

B. Flux jumps, instability criterion, magnetization, 
and magnetostriction loops 

The instability criterion (under adiabatic conditions) in 
the case of the Kim-Anderson type critical current density 
JC{B) can be derived analytically.3 For the exponential 
model (4) it is not possible and we have used in this case the 
calculations based on the adiabatic flux-Z? jump instability 
criterion. Let the applied field He increases (decreases) by a 
small amount AH e(\AH e\<\H e\). Due to the moving of flux 
lines, the magnetic field, B(x), in the sample, increases by 
AB(x). The AB(x) value has to be calculated from Eq. (1) 
in the following way. Let xt be the points at which the 
B(xi) = Bi values are calculated with the index 1 =£*'«£«, xx 

= 0, xn = d and B°(x) as the initial local field. We put AB 

The magnetic configuration is unstable with respect to a flux 
jump if AHs>AHe

6'7 

During a flux jump, the temperature inside the sample 
increases and reaches a maximum value T*<TC, which is 
assumed to be independent of the position x inside the 
sample. The critical current density at T* is JC(T*) 
<JC(T0), where T0 is the temperature of the sample before 
the flux jump. Therefore, according to the critical state con- 
ditions, the magnetic field configuration is given by the so- 
lution of Eqs. (8) for JC = JC(T*). After the flux jump the 
temperature inside the sample returns to the starting value 
T0, but the magnetic field profiles in the slab are unchanged, 
i.e., they are the same as for T-T*. An increase (decrease) 
of the external field, He, leads to the new magnetic field 
distributions. It is assumed that the maximum temperature, 
T*, reached during a jump, which is less than Tc, is the 
same for all jumps. Generally speaking the T* value is un- 
known because it depends on the microstructure of the 
sample, the sweep rate, and the adiabatic conditions of the 
sample. The critical state conditions (8) for a type II super- 
conductor allow one to calculate magnetic field profiles in a 
slab and for any number of the flux jumps independent of the 
magnetic prehistory. 

These results and experimental data3'4 are used for com- 
puter simulations. Magnetostriction and magnetization loops 
are constructed over a wide range of experimental param- 
eters. In Fig. 1, one can see an example of theoretically cal- 
culated magnetostriction and magnetization hystersis loops 
with magnetostriction and magnetization jumps on the basis 
of the Kim-Anderson model. AHrj is the flux instability 

= B"+1-Bj, where i>\, Bi = B(x = 0) = in0He. The critical      range of the magnetic field. Similar calculations were per- 
state Eq. (1) gives the conditions one 

'B(xt) + AB    \AB\<fjL0Jc(Bi) 

B(xi+i) = -  #(*,) +signCAB)^./^,)^, (8) 

[     \AB\>/ioJc(B,) 

where dx = xi+l— xt. 

Due to exchange of the magnetic field, B(x), the energy 
per unit volume, Q, is dissipated in the vicinity of x where 

'/, 

d AHfl p\ 
\ 

4K 
to 

o "^^ 
X              N         ' >. 

c 
ra ^N 

\ ̂  

*£ a 

Q(x) = Jc{x)      [B(x')-B°(x')]dx'. (9) 
-5.0 -2.5 0.0 2.5 5.0 

Under local adiabatic conditions one obtains 

AT(x) = Q(x)/Cv, (10) 

where Cv is the specific heat of the superconductor. For 
YBCO,5 Cv (1-26 K) (J cnr3)=2.68Xl(T4 r_2+1.01 
X10"4 T+2.53X10"6 r3 + 7.17Xl(r9 T5 and Cv (26- 
100 K (J cm~3) = 2.02X10-4 72-7.82X 10-9 T4. The 
rise of temperature AT reduces the critical current Jc, 

AJc{x) = dJcldT)AT{x). (11) 

According to the critical state Eqs. (8), the reduction in Jc 

leads to a decrease in the shielding ability of the supercon- 
ductor by AHS, where 

Calculation IN ̂         25K 

[\ V^s 
Kim-Anderson ^ 

, model 

\ 

b 

-5.0 -2.5 0.0 2.5 5.0 

■5.0 -2.5 0.0 2.5 5.0 

Magnetic Field (B/Bp) 

AH -I: AJc{x')dx'. (12) FIG. 1. Magnetization and magnetostriction loops with flux jumps, calcu- 
lated by the Kim-Anderson model. 
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FIG. 2. H-T ranges of the flux instability from (a) experiment on the 
LaSrCuO and from (b) calculation, d=5 mm, jc= 109 A/m2, B0 = 2T, Bp 

full penetration field, and (c) experiment on the Nb from (Ref. 8). 

formed for different temperatures and were used for the con- 
struction of the H- T phase diagram of flux instability [Fig. 
2(b)]. 

The experiments reported here have been performed on a 
Laj 85Sr015Cu04 single crystal with its fields oriented along 
the c axis. The sample had dimensions of 2.15X2.24X5.42 
mm3, with the c axis the shortest test axis. The change of 
length AL of the sample was measured in the ab plane along 
the longest dimension using a strain gauge technique. The 
resistance change of strain gauges is measured by an ac 
bridge. The magnetic field was swept at a constant cyclic rate 
of 0.5 T/min after the sample was zero-field cooled to the 
measuring temperature. An onset temperature of supercon- 
ductivity of 35.5 K was observed in a field of 10 G. Figure 3 
shows evidence of flux jump instabilities in the virgin mag- 
netization curve for the LaSrCuO single crystal. Hm is the 
field where M becomes irreversible. 

As can be seen from Figs. 2(a) and 2(c) the overall pic- 
ture of the H- T ranges of flux instability are similar in shape 
for Nb (Ref. 8) and LaSrCuO. One can also see good quali- 
tative agreement between the experimental and the calcu- 
lated phase diagrams. That is to say, the Kim-Anderson 
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FIG. 3. Magnetostriction loops for different temperatures of LaSrCuO. 

model is applicable at large distances from the irreversibility 
line for HTSC materials whereas the exponential model is 
applicable in the vicinity of the irreversibility line. 

As is clear from both calculation and experiment, the 
first and third quadrants have significantly fewer flux jumps 
than the second and fourth quadrants. For example, for the 
T=A K curve [Fig. 1(a)] and experiment,9 flux jumps are 
completely absent in the first and third quadrants. According 
to our calculation, the difference in the frequency of occur- 
rence of the flux jumps in the different quadrants is related to 
the shape of the flux profiles in the various quadrants. 
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Magnetic memory effect in YBazCiigOy-x/CBiDy^CFeGa^O^ heterostructures 
D. Mou, A. M. Grishin,a) and K. V. Raob) 

Department of Condensed Matter Physics, Royal Institute of Technology, S-100 44 Stockholm, Sweden 

YBa2Cu307_JC/(YBCO)(BiDy)3(FeGa)5012 heterostructures have been prepared on ceramic glass 
substrates by Nd-yttrium-aluminum-garnet pulsed laser ablation. Both YBCO and BiDy-IG garnet 
layers are found to be polycrystalline without any preferential crystallite orientation. Magnetic 
hysteresis loop measurements made before and after YBCO deposition reveal perpendicular 
magnetic anisotropy in the garnet film. The resistance versus temperature measurements indicate 
that the YBCO layer contains both superconducting and semiconducting phases and exhibits a broad 
superconducting transition with TC\R=0 = 22 K. The resistivity of the fabricated heterostructures was 
found to be very sensitive to external magnetic field and the remnant magnetization of the garnet 
layer. At 18 K, in a magnetic field of 0.5 T applied perpendicular to the surface of the sample, the 
magnetoresistance figure of merit A.R/AH reaches the value of 0.26 O/Oe and the absolute 
resistance value of the YBCO channel changes from the mfl range up to kfl In the wide fluctuation 
temperature range (from 22 to 80 K), the R(T) curve of the YBCO layer is strongly modulated by 
the remnant magnetization of the garnet layer, clearly exhibiting a magnetic memory effect. A 
reduction of as much as 9 K in rC|R=0 is observed when the garnet layer has remnant magnetization 
after having been magnetized. At a measuring current of 1 A/cm2, the output voltage obtainable is 
in the mV range, which is adequate for use in nonvolatile memory applications. © 1998 American 
Institute of Physics. [S0021-8979(98)49611-7] 

I. INTRODUCTION 

The discovery of high-T^ oxide superconductors stimu- 
lated widely study of their electronic applications. Many 
studies on high-rc superconducting electric field effect tran- 
sistors (SuFET)1-5 and high-rc superconducting flux flow 
transistors (SFFT)6'7 have been carried out. However, high- 
Tc superconductor (HTSC)/magnetic layer-type heterostruc- 
tures for memory device applications have not yet been dis- 
cussed. Also, most of the basic studies, as well as proposed 
applications, have been focused on superconducting state of 
the high-rc oxides. Only recently, the properties of semicon- 
ducting YBa2Cu307_J. (YBCO) films are being investigated 
and the potential application as bolometer has been 
proposed.8"10 The performance of such bolometers and 
SFFTs can be achieved at levels as high as the temperature 
sensitivity of the resistivity of YBCO thin film containing 
superconducting and semiconducting mixed phases and the 
corresponding magnetic field. 

Another area of great potential for nanoelectronics is in 
situ pulsed laser deposited complex oxide heterostructures, 
with competing interactions (ferroelectric, magnetic, and 
HTSC), which is as yet rarely explored. In this study, we 
have investigated the magnetic field and magnetic memory 
effects in pulsed laser deposited YBCO/BiDy-IG hetero- 
structures containing superconducting and semiconducting 
mixed phases to the corresponding oxygen nonstoichiometric 
YBCO. 

a)Visiting at: Dept. of Elec. and Computer Eng, Kumamoto University, Ku- 
mamoto 860, Japan 

b)Electronic mail: rao@cmp.kth.se 

II. EXPERIMENTAL RESULTS AND DISCUSSIONS 

A Nd-yttrium-aluminum-garnet (YAG) pulsed laser ab- 
lation system was used to fabricate the YBa2Cu307_;c 

(YBCO) and (BiDy)3(FeGa)5012 (BiDy-IG) thin film hetero- 
structures on commercial ceramic glass substrates. The 
wavelength, repetition frequency, and the pulsed width of the 
laser were 355 nm, 10 Hz, and 10 ns, respectively. The fo- 
cused laser beam with energy density of 3 to 4 J/cm2 was 
directed on the rotating ceramic YBCO or BiDy-IG target 
with the incident angle of 45° in order to make the laser 
plume perpendicular to the substrate surface (on-axis depo- 
sition). The distance between the targets and the substrates 
was 55 mm. The vacuum chamber was evacuated to base 
pressure <10"5 Torr before introducing pure oxygen gas. 
The BiDy-IG films were deposited at room temperature with 
the oxygen pressure of 40 mTorr and then postannealed in 
the range of 650-760 °C for 2 to 3 min. X-ray diffraction 
(XRD) indicated the BiDy-IG films were polycrystalline 
without a preferred orientation of the crystallites. 

After depositing the BiDy-IG layer the YBCO layer is 
deposited, at 760 °C in a oxygen pressure of 200 mTorr, on 
the garnet covered ceramic glass substrates, and then the 
heterostructure is cooled down to 450 °C to anneal it in oxy- 
gen pressure of 600 Torr for one hour. XRD patterns indi- 
cated that both YBCO and garnet layers in the heterostruc- 
ture were polycrystalline with random orientation of the 
crystallites. The thickness of the YBCO and BiDy-IG layers 
was about 2000 and 4000 Ä, respectively, as determined 
using an atomic force microscope (AFM). Magnetic hyster- 
esis loop measurements and magneto-optic Faraday-rotation 
technique have been used to determine the orientation of the 
magnetization in the fabricated thin films.11 A perpendicular 
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FIG. 1. The resistance of the YBCO/BiDy-IG heterostructure vs tempera- 
ture measured in demagnetized state in zero magnetic field. 

magnetic anisotropy is observed both in the single garnet 
layers as well as in YBCO/garnet bilayers. 
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FIG. 2. (a) The inset shows the dc resistance vs temperature with and 
without remnant magnetization in the BiDy-IG layer, (b) Curve A was mea- 
sured in the demagnetized state, curve B with the remnant magnetization 
pointing away from the YBCO layer, curve C with remnant magnetization 
pointing towards the YBCO layer. 

A. dc transport properties of YBCO layer at zero 
magnetic field 

The transport properties of the YBCO layer were char- 
acterized by a standard four probe method. Figure 1 shows 
the dc resistance of the YBCO layer versus temperature at 
zero magnetic field. The resistance increases with tempera- 
ture decrease in the interval from 300 down to 90 K, exhib- 
iting typical semiconductor temperature dependence behav- 
ior. There is a superconductivity onset around Tc onset 

= 90 K. Below the Tc onset point, the resistance falls with 
decreasing temperatures and finally vanishes at TC\R=0 

= 22 K. This confirms that the YBCO layer experiences the 
transition (percolation) to the macroscopic superconducting 
state. 

B. Magnetic field effect in the YBCO/BiDy-IG 
heterostructure 

After zero field (FZ) resistance versus temperature mea- 
surements, the magnetic field effect measurements were car- 
ried out. In these measurements after applying magnetic field 
for each measurement, the sample has been demagnetized at 
room temperature, and then zero field cooled to the desirable 
temperature for the next measurement. At 18 K, when a mag- 
netic field of 0.5 T is applied perpendicular to the surface of 
the sample, the resistance of the YBCO layer increases from 
the mil range up to 1288 Cl, and the magnetoresistance fig- 
ure of merit AR/AH (1288 £1/5000 Oe) reaches the value of 
0.26 il/Oe. In the wide fluctuation range above TC\R=0, the 
resistance increment AR = R(T,H)-R(T,0) becomes 
smaller with the temperature increase. Nevertheless, the 
magnetic field needed to modulate the superconductivity in 
YBCO layer becomes smaller as well. Thus, the relatively 
high figure of merit AR/AH is kept constant over the fluc- 
tuation region. For instance, at 77 K, the AR/AH value is 
still about 0.1 Ü/Oe at applied field of AH=2000 Oe. 

A qualitative explanation for the above data would be as 
follows: The existence both superconducting and semicon- 
ducting mixed phases implies there is a Josephson weak link 
network in the YBCO layer. A dc current passing through 

the weak link drives the vortices along the link, which results 
in energy dissipation and thus a voltage appears across the 
link. 

Vortices start to penetrate into the Josephson junction at 
the critical field HcX = (32(f>0jcIir2cd)m. For granular films 
with a large intergranular spacing d and a low intergranular 
critical current density jc this critical field turns out to be 
much lower than in the continuous metallic YBCO film. 
Hence, a relatively small magnetic field can change the film 
resistance greatly. As jc is decreasing monotonously with the 
temperature increase, a weaker magnetic field is needed to 
modulate the intergranular superconducting state of the 
YBCO at higher temperatures. Therefore, we arrive to the 
conclusion that even at temperatures over 77 K, considerable 
figure of merit AR/AH is still available, which is of great 
importance for weak magnetic field sensors and SFFT-like 
device applications. 

C. Magnetic memory effect 

After demagnetizing, the sample was zero field (FZ) 
cooled down to 18 K, a 0.5 T magnetic field was applied 
perpendicular to the sample surface to magnetize the 
BiDy-IG layer. Then the field was taken away, and the R vs 
T (curve B) is measured (shown in Fig. 2) to find that TC\R=0 

is shifted down to 12 K, and below 90 K a distinct shift of 
the R-T curve is found towards lower temperatures. This 
implies a magnetic after-action effect. 

The sample was then demagnetized at room temperature 
and cooled down to 18 K at zero field. The measured R vs T 
curve is found to almost coincide with the previous zero field 
curve A. At 18 K, an opposite 0.5 T magnetic field was 
applied to change the direction of the remnant moment in 
BiDy-IG layer and then taken away. In the Fig. 2, it is clearly 
seen from curve C, that the opposite polarization has almost 
the same effect as obtained in curve B. This is consistent 
with the Onsager theorem, but different from the SuFET re- 
sults, where the opposite direction of the electrical polariza- 
tion of the ferroelectric layer resulted in up and down shifts 
of the curves. The effects described above clearly exhibits 
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ture for the first time. The two state behavior, remnant and 
demagnetized garnet layer, can be easily distinguished by 
measuring the resistance of the YBCO layer. The observed 
effect is promising for use in nonvolatile memory applica- 
tions. In order to achieve significant magnetic after-action 
effect in high-rc superconducting layer at relatively weak 
magnetic fields, a suitable mixture of semi- and supercon- 
ducting phases is essential. Existence of the semiconducting 
phase simplifies greatly the device fabrication processing, 
and various large area and cheap substrates, such as glass 
become suitable. The operating temperature range of this 
type of devices is expected to move to much higher tempera- 
tures on using Bi- and Hg-based materials with higher Tc. 

FIG. 3. The resistance increment due to the magnetized layer in the YBCO/ 
BiDy-IG heterostructure in the temperature range 20-80 K. R(Mr) and 
fi(0) are the resistances in the remnant and demagnetized states of the 
BiDy-IG layer, respectively. 

magnetic memory, and demonstrates that the remnant mo- 
ment in BiDy-IG layer can modulate the transport properties 
of the YBCO layer. 

The measured absolute R(Mr)-R(0) and normalized 
[R(Mr) — R(0)]/R(0) resistance increments versus tempera- 
ture are shown in Fig. 3. There R{Mr) and R(0) are resis- 
tances in the remnant and demagnetized states of the garnet 
layer, respectively. From the figure, it is easy to see that over 
a wide temperature range the output voltage increment AV 
= V(Mr) - V(0) can be achieved from 0.5 to 3.7 mV for a 
constant current of 10 fiA through the film. Also, the relative 
voltage increment AWV(0) is larger than 10%, which is 
adequate for detection. In order to get large modulation of 
resistance in high-rc superconductor/magnetic layer hetero- 
structure, one of the key points is to prepare a oxygen non- 
stoichiometric YBCO layer to produce a mixture of super- 
conducting and semiconducting phases. 

III. CONCLUSIONS 

In summary, magnetic field and magnetic memory ef- 
fects have been observed in the YBCO/BiDy-IG heterostruc- 
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Spin wave scattering and intermode transitions induced by the magnetic 
vortex lattice in the ferrite-high-temperature superconductor film 
structure 

L. V. Lutseva) and S. V. Yakovlev 
Research Institute "Domen," Chernigovskaya, 8, St. Petersburg 196084, Russia 

A model of dipole-exchange spin wave scattering induced by the periodic magnetic vortex lattice in 
the in-plane magnetized ferrite-high-temperature superconductor film structure is considered. The 
vortex magnetic field action leads to spin wave intermode transitions occurring in the ferrite film. It 
is found that an admixture of the higher mode in the crossing region of the surface spin wave mode 
with the higher mode (hybrid state) increases the direct intermode transition probability 
significantly. It is shown that mixing of modes and the formation of hybrid spin wave states depend 
on the magnetic inhomogeneity over the ferrite film thickness. The theoretical model is verified for 
a YIG-YBa2Cu307 + s structure.   © 1998 American Institute of Physics. [S0021-8979(98)18811-4] 

I. INTRODUCTION 

The experimental study of the spin wave propagation in 
the film structure of a YIG-high-temperature superconductor 
(HTSC) showed the influence of the magnetic vortex lattice 
(MVL) on spin wave (SW) scattering.1 This influence leads 
to the appearance of absorption peaks on the long- 
wavelength excitation region of the SW spectrum (SWS). 
For magnetic fields in the interval Z/C1<102 Oe=sff=£l03 

Oe<//c2 a type II superconductor (the group to which 
HTSCs belong) is found in a mixed state.2 In this interval the 
period of the two-dimensional MVL A. is given by the mag- 
netic field and the magnetic flux quantum and is equal to 
0.14-0.46 fim. The wavelength of the spin waves, which 
was scattered by the MVL, was greater than the vortex lattice 
period (>10/U.m). The appearance of absorption peaks on 
the SWS cannot be explained by Bragg scattering. The the- 
oretical model of the resonant interaction3'4 between long- 
wavelength spin waves and short-wavelength ones due to the 
presence of a vortex lattice cannot explain this experimental 
fact either. The probability of this interaction in homoge- 
neous ferrite films is very small. In the present paper we 
consider the theory of SW scattering based on intermode 
transitions. This theoretical model explains the above- 
mentioned experimental fact. Computer calculations show 
that the SW-scattering probability is increased significantly 
when the ferromagnetic film has a specific magnetic inhomo- 
geneity profile through thickness. As a result of this the SW- 
scattering method can be a very sensitive tool for investiga- 
tion of the MVL structure. 

II. SW-SCATTERING EQUATIONS 

We consider a structure consisting of an in-plane mag- 
netized inhomogeneous ferromagnetic film of thickness 2d 
and a HTSC film (Fig. 1). The MVL in the HTSC film is 
assumed to be composed of interplanar vortices parallel to 
the y axis and to create a periodic magnetic field hL(x,z,t) 
&exp(iqx), where q is determined by the MVL period: q 

"'Electronic mail: chvv@energo.ru 

=2TT/K.  The  spin  wave  dynamics  is  governed  by  the 
Landau-Lifshitz and the magnetostatic equations, 

dM 

~dt 
= y[MX(H-V<p+aAM)], 

A<p — 47rdivm=0, 

(1) 

(2) 

where y is the gyromagnetic ratio, H=H0 + hL, M(f) = M0 

+ m(t), H0||M0|| the y axis, <p is the magnetostatic potential 
of the spin wave, and a is the exchange interaction constant. 
We write M0 as the sum of homogeneous and inhomoge- 
neous terms: M0(z) = M(

0
hom) + SM(z). 

Dropping the derivatives with respect to y and retaining 
in Eq. (1) the terms linear in m(f), we obtain 

5H :iyM0D±cp, (3) 

where   m± = mx±imz,   B± = dldt + iy(H- aM0A),   D± 

= dldx±idldz, and A = D+D_ = d2/dx2+d2/dz2. 
The requirement that there does not exist a spin wave 

with m±(x,z,t)¥:0 and <p(x,z,t) = 0 is equivalent to the re- 
striction of the functional space m + {x,z,t) eC2((-°°,°o), 
[-<i,d],(-oo)a>))\KerB± , on which the operators B+ have 
inverse operators.5 In other words, the functions m±{x,z,t) 
must be orthogonal to the kernel functional space KerZ? ±. 

GGG 

I   *■   s *—1 

7* / / / / / / / / 

FIG. 1. Ferrite-HTSC film structure. (1), (2)—generator and receiver an- 
tennae. 
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The use of exchange boundary conditions (spin pinning)6'7 is 
incorrect, since it admits the existence of waves only with a 
change in the magnetic moment m(x,z,t). 

Substituting m± into (2) and assuming the invertibility 
of B + , we obtain the equation for the magnetostatic poten- 
tial of the spin wave, 

A<p-27n'2 (±D+BZlyM0D±)<p = 0. (4) 

For a homogeneous ferromagnetic film with the magnetic 
moment density M(

0
hom) and without the HTSC film the so- 

lutions of Eq. (4) are the wave functions: A. the surface 
mode Is)7, for which D + \s) = 0 (or D_|,s) = 0); B. the vol- 
ume modes, 

\n) = d~V2&xp(iknx + iu)nt) 

X 
sm(k{

z
n)z+Tm/2)    ze[-d,d], 

(5) 

(6) 

0 z*[-d,d], 

with the dispersion relation 

con=-A.{HQ+aM^om)k^2){HQ + A7TM^m) 

+ aM{
0
hom)k{

0
n)2)]m, 

where k(^=TTn/2d, k(
0
n)2=k2

n + kfn, n = 1,2,3 The set 
of functions {|s),|«)} is a complete system on [ — d,d]. 

In the case of an inhomogeneous ferromagnetic film with 
the HTSC film for the SW-scattering analysis it is convenient 
to single out the proper small terms and to rewrite Eq. (4) in 
the form 

^2 

-^+A(A + 4TryM(
0
hom))cp + (VM+Vh)cp = 0, 

dt2 

where 

A = r(H0-aM^A), 

(7) 
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FIG. 2. Direct intermode transitions occurring from the hybrid spin wave 
states aff^^ + a^^ln) near the crossing point of the dispersion curves. 

(op = o)n,   kp = kn±q. (8) 

To derive the coupling equations we seek a solution in 
the form 

cp=C(t)\f) + F(t)\p). (9) 

Substituting (9) into (7) and keeping terms of first order, we 
obtain coupling equations for slowly varying amplitudes 
C(t),F(t), 

dC(t)       i       ,    , 
W=— (n\Vh\p)F(t), 

dt 2 co 

dF(t)        i 

dt        2(0, 
(p\Vh\n)C(t). (10) 

VM=-27riy2 [±DZ1B<iom)SM(z)D±], 

Vh = 2TTy2M{
0
hom)^Z Dl1B(iom)hL(z,x,t)B^om)-lD±. 

The use of the linear approximation of VM, Vh in Eq. (7) is 
justified when hL<Hü and a dispersion curve shift 8wn, 
induced by VM, is much less than w„ in Eq. (6). The pertur- 
bation operator VM leads to the formation of hybrid states, 
the dispersion curve repulsion at the crossing point and de- 
termines the exchange "gaps" observed in the SWS. The 
perturbation operator Vh governs SW scattering and deter- 
mines intermode transitions. 

III. INTERMODE TRANSITIONS 

Let us consider the intermode transition occurring from 
the hybrid state \f) = as\s) + an\n) near the crossing point of 
the dispersion curves of the surface and the volume modes in 
an inhomogeneous ferromagnetic film (Fig. 2). The perturba- 
tion Vh couples modes |/) and \p) having frequencies and 
wave vectors obeying the conditions 

For F(t)<C(t) the probability of an intermode transition 
over a time T is found from Eq. (10) 

Pnf= 
F2(t) 

Pf   C\t) 
^-\\p\vh\f)di 
2o)„Jo 

V     I        ß(p,hom) 

±   Jo L 

iry2M(
0
hom) 

o>pk
(,p)1 

X(p\D^hLD±{\s)asB
{l<hom)-1 

2 

+\n)anB (n,hom) — 1 dr (11) 

where B<-l'hom) = i(ol+iy(H0+ aM^k^SJ, <S, = 0 for 
\s) and 8[= 1 for |n), and the integration in (p\ Vh\f) is over 
x,z of the film volume. 

The existence of the second summand in Eq. (11) with 
B(nMm)-l>BU,hom)-l lea(js tQ & sharp increase in the prob. 

ability of the intermode transition from hybrid states. Con- 
versely, the presence of hybrid states depends on the inho- 
mogeneity of the ferromagnetic film. 
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IV. CALCULATIONS AND EXPERIMENT 

We define the spin wave spectrum SWS as the frequency 
dependence of the square of the ratio of currents in the re- 
ceiver and generator antennae: W—(Jrec/Jgen). Jr is pro- 
portional to the sum Erec of the induced electromagnetic 
signal Ee and two signals of spin waves (Fig. 2) with ampli- 
tudes C(a'b)(T,) 

£«c = {£, + [C(fl)(r/)exp(/^fl)/) + C(i)(T/)exp(/4")/)] 

Xexp(-yA#T,)}expO'üV), (12) 

where C(a,i) should be found from Eq. (10), / is the space 
between the antennae, Ti=l(dco/dk)~l is the spin wave 
propagation time between the antennae, and AH is the relax- 
ation parameter. We have calculated SWS using Eqs. (7) and 
(11) for a YIG film (for 2d= 14/xm) and taking into account 
three assumptions: 

A. The YIG film has the linear variation of M0 from 
prfihoin) t0 o over the sublayer of thickness 0.5 /im near the 
substrate. This assumption gives operator VM in Eq. (7) and 
determines the dispersion curve repulsion. 

B. hL(z,x,t) = H0exp[iqx+q(z—d— X./2)]. It gives the 
form of the SW scattering. 

C. The MVL period X^HQ
112

. 

We have obtained the following results. 
1. Absorption peaks are observed only in the region of 

the crossing point of the dispersion curves of the surface \s) 
and the volume \n) modes. Conditions (8) must be realized. 

2. A greater value of H0 leads to the observation of 
peaks with greater n. 

3. If n is fixed, the transition \f) = as\s) + an\n)^\p) 
with p- 1 gives the absorption peak with the maximal H0. 

4. The MVL period can be found by \ = 4d/Jnr- P1. 
These dependences have been observed in the experi- 

ment. The experiment has been undertaken in the hetero- 
structure of a YIG film of thickness 14 /urn and a monocrys- 
tal HTSC film YBa2Cu307 + s of thickness 0.5 fim on a MgO 
substrate (Fig. 1). / is equal to 7.8 mm. Figure 3 shows the 
absorption peak on the SWS at 3.17 GHz (//0 = 363 Oe) with 

/TVvyvw 

2.6 2.8 3.0 3.2 3.4 

frequency, GHz 
3.6 3.6 

FIG. 3. Spin wave spectrum of the ferrite-HTSC film structure at //0 = 363 
Oe. 

n = 66, p = 1. The MVL period X is equal to 0.42 /im. This 
value is a little greater than the lattice constant in volume 
samples defined by the quantum of the magnetic flux t// 
= 2.07X10~7 Oecm2: K0= yj iff/H0 = 0.239 fim. The in- 
crease of the lattice parameter may be explained by the in- 
fluence of the surfaces of the films.2 In the next paper we 
intend to consider in more detail experiment verification of 
the present theoretical model. 
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We describe the principles of dissipation measurements, discuss various eddy current damping 
mechanisms, give a brief review of a model for magnetoelastic dissipation due to domain-wall width 
oscillations, and present some applications of magnetic dissipation force microscopy to magnetic 
materials. Energy dissipation is measured by simultaneous monitoring of the damping of an 
oscillating cantilever and the shift in resonant frequency in a magnetic force microscope. 
Magnetoelastic dissipation is caused by tip-field-induced domain-wall width oscillations through 
magnetostriction effects. Magnetoelastic damping is strongly correlated with micromagnetic 
structures and allows different domain walls (such as Bloch and Neel walls) to be distinguished. 
© 1998 American Institute of Physics. [S0021-8979(98)48611-0] 

Magnetic dissipation force microscopy1"4 is a working 
mode of an ac magnetic force microscope (MFM). In this 
mode, the magnetic tip oscillating at resonance serves as 
both force gradient and dissipation sensor. Energy dissipa- 
tion causes damping of the oscillating tip and is measured by 
monitoring the oscillation amplitude. 

This new working mode of the ac MFM directly mea- 
sures the local magnetic energy dissipation with lateral reso- 
lution at least as good as the normal MFM. We do this by 
measuring the damping of the oscillating tip in a MFM si- 
multaneously with the usual frequency shifts associated with 
tip-sample force gradient variations. A change in damping 
of the MFM probe is the result of energy transferred between 
the tip and the sample and is detected as a difference in 
cantilever oscillation amplitude. Damping due to Joule dissi- 
pation in semiconductors has previously been measured with 
a different detection scheme by Denk and Pohl. 

In the ac MFM, a magnetic tip is vibrated above a 
sample surface and creates a local alternating magnetic field 
at the sample, resulting in energy dissipation in the sample. 
The thin-film tip stray field, which contains a dc part and an 
ac part, is concentrated on a region of the sample 50-500 nm 
in diameter, depending on the tip shape and tip-sample 
separation.2 By using this highly localized tip field and mea- 
suring the resulting energy dissipation, we can quantitatively 
determine the local effect of the tip field on the micromag- 
netic structure of the sample. 

We measure the damping y or equivalent quality factor 
Q change of the cantilever, which can be described by a 
driven damped harmonic oscillator (y=ft;/«0ß). Here, kt is 
the cantilever spring constant and a)0 is the resonant fre- 
quency of the cantilever. At resonance, the vibration ampli- 
tude is A = (F0/<u0)fio> where F0 is the driving amplitude 

"'Electronic mail address: grutter@physics.mcgill.ca 

(proportional to the ac voltage applied to the piezoelectric 
bimorph) and ß0 is the quality factor of the cantilever. Mag- 
netic dissipation in the sample causes an energy loss in the 
cantilever and so reduces the ß factor. A larger driving force 
is thus needed to keep the vibration amplitude constant. The 
extra force is given by 

AF=-(/Vßo)Aß. CD 
The energy loss (dissipation) in one cycle is then 

AE=-(Ek/Q2
0)AQ. (2) 

Here, Ek=( 1/2)&;A2 is the vibration energy of the cantilever 
with ki the spring constant of the cantilever. 

We can thus measure the energy loss (dissipation) by 
measuring the driving force change while keeping the canti- 
lever vibrating at resonance with a constant amplitude if we 
ensure that any phase shifts are negligible. By recording the 
driving signal changes simultaneously with the usual fre- 
quency shifts associated with tip-sample force gradient 
variations, a normal MFM image and a dissipation image can 
be acquired simultaneously. This allows the study of corre- 
lations between magnetic dissipation and domain structure. 
In the following, we will use Aß in our discussion. Aß can 
easily be transformed to A £ or Ay. 

We employ the same phase-locked loop (PLL) 
demodulator6 to track both the resonant frequency and the 
driving force of the cantilever. When the PLL is locked to 
the cantilever resonance, it will always keep the cantilever 
vibrating on resonance and at a constant vibration amplitude 
by adjusting the driving amplitude to compensate for any 
damping. This is achieved with an additional feedback cir- 
cuit to keep the cantilever's vibration amplitude constant at a 
preset value. A dc voltage proportional to the cantilever's 
vibration amplitude is compared with a set value and the 
difference signal is integrated. The output signal of the inte- 
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grator will determine the driving signal amplitude to a piezo- 
electric bimorph, which excites the cantilever. The integrator 
output serves as the signal for dissipation images. 

The fundamental limit for the detection of a Q -factor 
change SQ, assuming that the displacement measurement is 
limited only by the cantilever's thermal motion, is given by 

SQ 
1 

thermal" 

2kBTQ'Bw 

k,(ü0 
(3) 

with kB being the Boltzmann's constant, T being the tem- 
perature, and Bw being the measurement bandwidth. For our 
cantilevers (it,= 0.1 N/m, /0 = 30kHz, and ß=1000 in 
vacuum) SQtherma\=5.3 (which corresponds to a £ythermai 
=2.8 pNs/m or A£= 1.0X 1(T3 eV, respectively) with Bw 

= 35 Hz and A = 25 nm. All our dissipation data are ther- 
mally limited. A better signal-to-noise ratio is predicted, and 
indeed, observed by measuring dissipation in vacuum. All of 
the data presented here were obtained at 5 X 10"5 mbar. 

Minimizing the phase error between the cantilever oscil- 
lation and its drive signal is crucial to obtaining a meaningful 
damping measurement. Phase errors (e.g., due to filters) will 
drive the cantilever off-resonance. A larger drive amplitude 
F' would then be necessary to maintain a constant ampli- 
tude, which would falsely be interpreted as a change in can- 
tilever damping. The Q-factor error SQ, due to phase error 
S<j>, is given by 

£Öphase~5ÖW)2- (4) 

Our carefully optimized electronics maintain a phase er- 
ror of less than 0.003 rad for frequencies between 10 kHz 
and 2 MHz. This amounts to an error of SQ<0.005 for Q0 

= 1000, substantially smaller than the thermal limit. A sec- 
ond source of phase shifts is frequency feedback errors, e.g., 
as a result of varying force gradients between tip and sample. 
The influence of frequency error on the drive output can 
directly be measured by modulating the PLL reference fre- 
quency. We determined SQ< 0.004 for a 10 Hz modulation 
in vacuum. In our experiments, the frequency feedback er- 
rors are kept smaller than 2 Hz, resulting in SQ<0.001. A 
further potential phase error is particular to our fiber-optic 
interferometric deflection sensing technique. Dc deflection 
Az as a result of forces acting on the cantilever will result in 
an optical path-length difference, and thus, a phase-shift 
A0=(2Az/X.)27T. In our experiments we monitor this de- 
flection simultaneously with the damping and the force gra- 
dient signal. The maximum total deflection is always smaller 
than 1 nm, and thus, introduces a phase error of 0.01, result- 
ing in an error of <Sg<0.05. 

A further potential error in damping measurements is 
due to the tip-sample separation dependence of the hydro- 
dynamic cantilever damping observed in air.7 Typically, Q 
changes larger than the thermal limit are observed for tip- 
sample separation changes of a few nm if the average sepa- 
ration is 50 nm or less. To avoid the potential convolution of 
the regular MFM (acquired at variable tip-sample reparation 
as F'— const.) and dissipation data, we always acquire our 
dissipation data in vacuum, where a separation-dependent Q 
factor is not observed for tip-sample separations larger than 
several nm. 

In conclusion, by carefully designing and characterizing 
our PLL, keeping feedback errors to 2 Hz, and controlling 
phase errors due to optical path-length changes and vacuum 
operation, we are confident that all measured drive amplitude 
changes are only due to changes in the magnetic damping of 
the cantilever. 

The following loss mechanisms due to eddy and induced 
currents can be identified: 

(1) Eddy currents in the sample due to oscillations of the 
domain-wall position. An ac magnetic field may lead to 
domain-wall oscillations around the wall equilibrium po- 
sition, generating eddy currents around the oscillating 
domain walls. 

(2) Eddy currents in the MFM tip due to the stray field from 
the sample. When the tip is oscillating, the sample stray 
field generates eddy currents in the tip. 

(3) Eddy currents in the tip due to tip magnetization 
changes. When the tip is oscillating, the gradient of the 
sample stray field may induce tip magnetization change 
dM/dt, which generates eddy currents in the tip. 

(4) Eddy currents in the sample due to tip field. An oscillat- 
ing tip creates an alternating magnetic field at the 
sample, thus leading to magnetic-flux changes in the 
sample. For a conducting sample, eddy currents are in- 
duced in the sample. 

(5) Eddy currents in the sample due to domain-wall jumps. 
(6) Induced currents in the sample due to capacitance 

changes between the tip and sample. The capacitance of 
the tip-sample system oscillates as a result of the tip 
oscillation. If a constant voltage is applied between the 
tip and the sample (as in our instrument for 
servopurpose8), the oscillating capacitance leads to an 
alternating current as a result of alternating charge redis- 
tribution. Variations in magnetoresistance could thus 
lead to magnetic contrast. This source of damping is not 
related to eddy currents. 

We have theoretically calculated and experimentally 
tested the contributions of eddy current losses (1), (2), and 
(3) to the damping of a Si cantilever (coated with 20 nm 
CoNi film) and a Si3N4 cantilever (coated with 90 nm CoP- 
tCr film) on several samples (30 nm thick pattered Ni80Fe2o 
film, 4 nm thick Co film, and 40 nm thick CoPtCr film) and 
found that these contributions are far too small (by 4-6 or- 
ders of magnitude) to explain the observed damping 
signal.2'3 The damping signals due to losses (4) and (6) de- 
pend on the resistivity of the sample. The dissipation due to 
induced currents (6) is proportional to the sample's resistiv- 
ity and can be used to determine dopant concentration in 
semiconductors.5 The resistivity of the metallic samples is 
low (for cobalt it is 9.8X 10"~8 Ü, m), which leads to a dis- 
sipation signal that is below the thermal limited minimum 
detectable resistivity change of about 4X 10~3 fl m.5 The 
small variations of resistivity due to magnetoresistive effects 
(typically, AR/R< 1 %) do not lead to a measurable dissipa- 
tion contrast. The dissipation due to eddy current (4) is an 
inverse measure of resistivity. However, a dissipation mea- 
surement on a patterned permalloy film on a Si substrate1 

shows that the background dissipation signal on the permal- 
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loy area (with a resistivity on the order of 10~7 Cl m) is 
smaller than in the Si area (with a much higher resistivity). 
The permalloy background signal corresponds to the thermal 
limit, in contrast to the observed resistive dissipation on Si. 
We conclude that the effect of the induced current (6) is 
larger than that of the eddy current (4) in this sample. Due to 
the very short time scales involved in domain-wall jumps, 
eddy currents (5) might lead to some dissipation contrast.3 In 
wall jumps (induced by the tip field), the wall speed can be 
extremely high, resulting in substantial, but difficult to quan- 
tify, eddy current losses. 

In conclusion, all eddy current related processes, with 
the exception of tip-induced domain-wall jumps, lead to dis- 
sipation values not measurable in vacuum with our standard 
MFM tips. 

A magnetoelastic model for dissipation, which bases the 
dissipation on domain-wall width oscillations and the result- 
ing phonon emission through the magnetostriction effect, has 
given quantitative agreement with experiments on samples 
investigated in detail.2'4 The domain-wall width oscillations 
W(t) can be treated as a simple harmonic oscillator de- 
scribed by an equation, which contains an inertia term mW, 
a stiffness force a(AW), a damping term,9 and an external 
alternating driving force term related to the external ac tip 
field. Here, m is the effective mass of the domain wall for 
width oscillations and a is the wall stiffness of the domain 
wall for width oscillations. In most problems, damping terms 
are considered to be viscous in nature (i.e., the damping 
force is proportional to velocity). However, for magnetoelas- 
tic loss, the damping of wall width oscillations appears to be 
frictional in nature since the elastic energy changes associ- 
ated with the wall width change only depend on the magni- 
tude of the wall width change and not on the rate of the 
width change. Hence, the damping term can be written as 
— /JW7] W|. The equation of motion for wall width oscilla- 
tions is then 

W 
mff+j3—+ a(ff-W0) = F, 

\W\ 
(5) 

where W0 is the equilibrium width of the domain wall and 
F = F0 exp(i2Trft) is the force trying to oscillate the wall 
width. 

The parameters m, a, ß, and W0 have been derived and 
expressed in basic magnetic properties of magnetic 
materials4 with m= TT^IA%y2W0, a=AT1/W0, ß=\c\2, 
and W0= -J2JS2TT2/Kia, assuming that the demagnetization 
energy of the wall can be neglected. Here, K{ is the anisot- 
ropy constant; c is Young's modulus; \ is the magnetostric- 
tion constant; J is the exchange integral; S is the spin; a is 
the unit cell length; and y is the gyromagnetic ratio. The 
driving force for wall width oscillations F was found to be 
strongly dependent on the relative orientation of the mean- 
magnetization direction inside a domain wall and the exter- 
nal magnetic field. For a Bloch wall F= ±(2/J,0MSHZ/TT), 

depending only on the out-of-plane component of the exter- 
nal tip field, while for a Neel wall F is related to the in-plane 
component of the external tip field. In magnetic dissipation 
force microscopy, the external field is created by an oscillat- 

ing magnetic tip and is highly localized. Thus, different mi- 
cromagnetic structures in a domain wall will result in dissi- 
pation contrast for a given tip. Letting F=F0 exp(/27r/f) and 
W=W0 + Wi exp[i(2u-/f + 8)] {f is the oscillation frequency 
of the tip), we can obtain the energy dissipation in one os- 
cillation cycle as 

P = 4fßWl = 4fß 
^ o   ß2 

a— (2ir/ ) m ' (6) 

Quantitative agreement between this equation and experi- 
ments for a Co film sample and a Co/Ni multilayer sample 
was previously obtained.2'4 Furthermore, by comparing per- 
malloy and Terfenol-D (which has a much higher X than 
permalloy), we observed the expected relative dissipation in- 
crease in the Terfenol-D sample. In addition to this agree- 
ment, the model predicts a wall width resonance. The reso- 
nant frequency for the Co sample was calculated to be on the 
order of 1010 Hz.4 Hence, the wall width resonance might 
influence the high-frequency properties of magnetic materi- 
als. 

An interesting consequence of Eq. (6) is that a minimum 
driving force is necessary to observe dissipation. By engi- 
neering suitable tips (e.g., by selecting a thin, low moment 
coating), a small F0 can be created, thus inhibiting energy 
loss due to domain-wall width oscillations. The absence or 
presence of nonconservative tip-sample interactions (at least 
above the thermal limit) can thus be monitored by dissipation 
force microscopy. 

Magnetic dissipation force microscopy has been used to 
study the magnetic domain structures of several samples, in- 
cluding a patterned permalloy film,1'4 and transitions in a 
CoPtCr magnetic recording medium,1 Co/Ni multilayer,2 and 
Terfenol-D.1'4 The experimental dissipation showed discon- 
tinuous change along domain walls in the patterned permal- 
loy film.1 This suggests that there are different micromag- 
netic structures in the domain walls. Figure 1 shows a high- 
resolution MFM image and the simultaneously acquired 
magnetic dissipation image on a part of one permalloy 
square. It can be seen from Fig. 1(a) that the magnetic do- 
main walls in this permalloy are not pure Neel or pure Bloch 
walls. They contain complicated micromagnetic structures, 
possibly Bloch points and Bloch lines. We observe that on 
the same sample but for different squares, domain walls have 
different micromagnetic structures. In Fig. 1(b) the long mi- 
cromagnetic features (indicated by the arrows), which cross 
the main wall and connect the two adjacent magnetic do- 
mains, are formed by finer identical spots. Black and white 
spots are observed. They show opposite signs of magnetic 
tip-sample interactions. Other domain walls even on the 
same square show less magnetic substructure [top left of Fig. 
Ka)]. 

Figure 2(a) gives another example of a domain-wall 
structure observed on the permalloy film. Here, there are 
fewer internal micromagnetic features inside the main do- 
main wall, which shows up as a bold dark line from the 
lower-left corner to the upper-right corner (the bold white 
line on the left side of the image is the edge of the permalloy 
square). However, one observes a lot of ripplelike magnetic 
features, which are perpendicular to and terminated at the 
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FIG. 1. High-resolution MFM and magnetic dissipation images on a per- 
malloy square with a 20 nm CoNi film coated Si tip. The MFM image is 
differentiated along the fast scan direction to enhance the contrast, (a) is the 
12 /tmX 12 /im MFM image, (b) is the enlarged area shown by the rectangle 
in (a), and (c) is the magnetic dissipation image of the same area as (b). 

main wall position. Ripples in permalloy films are commonly 
observed10 and have been observed by MFM.11 Figure 2(b) 
is the simultaneously acquired dissipation image, which 
shows again that the dissipation signal is associated with 
some of the magnetic wall features. There is a magnetic fea- 
ture (indicated by an arrow), which leads to a pronounced 
dissipation signal (about 0.03 eV in one oscillation cycle), 
and is not part of the main wall. A reproducible jump of this 
magnetic feature is observed as a highly localized change in 
dissipation on several scan lines indicated by an arrow in 
Fig. 2(b). By applying a field of only 2 Oe with an in situ 
electromagnet, this feature disappears while the main wall is 
displaced by less than 1 fim, confirming that the feature is 
magnetic in origin. 

The existence of different micromagnetic domain-wall 
structures of the permalloy film suggest that there are many 
wall configurations which have very similar energy minima. 
In order to advance our understanding of the micromagnetic 
wall structures and the associated magnetic dissipation in 
patterned permalloy films, micromagnetic calculations are 
needed. Such calculations are not presently feasible for sys- 

FIG. 2. Ripplelike magnetic features intersect with this main wall in a 
permalloy film. The image area is 8/«riX4/im. (a) differentiated MFM 
image. The domain wall is the black structure running diagonally across the 
image. The white vertical line to the left of the image is the edge of the 
permalloy square, (b) Magnetic dissipation image. 

terns as large as the 20 /xm squares. Clearly, however, dissi- 
pation imaging opens the possibility of characterizing a va- 
riety of micromagnetic structures. 

For this study, we used our home-built high-resolution 
magnetic dissipation force microscope (MDM) with an in 
situ magnetizing stage. The magnetizing stage is also 
home-built12 and the field (in the sample plane) can be 
changed continuously from - 1 to + 1 kOe. The MFM and 
MDM images are taken simultaneously as a function of this 
external magnetic field. Prior to experiments, the sample is 
saturated and then ac demagnetized. The procedure for 
changing the field follows the macroscopic M-H hysteresis 
loop. We first increase the field from zero to saturation and 
then decrease it to zero. An opposite field is then applied to 
the opposite saturation value and decreased to zero again. 
The procedure is then finished by again changing the sign of 
the field and increasing it to the first saturation value. The 
field is changed in small steps. After each of these steps, a 
MFM and a MDM image are taken simultaneously. For each 
experimental run, typically, 20-30 images are taken and as- 
sembled as a video to allow easier observation of changes 
between field steps. 

Figure 3 shows the evolution of the domain configura- 
tion with decreasing magnetic field after saturating along one 
edge of the permalloy square. Figure 4 gives the simulta- 
neously acquired dissipation images. The image of the per- 
malloy is not square due to uncorrected piezo-nonlinearity. 

The saturation field is 90 Oe for the patterned permalloy 
film, at which no contrast is observed in either MFM or 
dissipation images. This saturation field here is much higher 
than for a film of the same thickness, but infinite extent in the 
plane of the film (which has a coercivity of around 2 Oe). 
The higher saturation field in the patterned film is due to 
demagnetization effects, since for an external field larger 
than 10 Oe the domain walls are concentrated at the edge 
area of the squares. A much higher external field is needed to 
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FIG. 3. Evolution of the domain configuration with decreasing magnetic 
field after saturating along one edge of the permalloy square. The field 
direction is indicated in (a), (a)-(f) are taken consecutively with the in situ 
applied field shown in the individual images. The inset in each individual 
image depicts the proposed domain structure. 

FIG. 4. Evolution of the dissipation configuration with decreasing magnetic 
field after saturation along one edge of the permalloy square, (a)-(f) are 
simultaneously acquired with (a)-(f) of Fig. 3, respectively. 

remove these domain walls. On decreasing the field, magne- 
tization reversal takes place first by reverse-domain nucle- 
ation at one edge at a field of 68 Oe [Figs. 3(a) and 4(a)]. 
Note that although nucleation is not seen in the regular MFM 
image, it is clearly seen in the dissipation image. Hence, 
dissipation imaging allows the observation of early stage do- 
main nucleation especially at sample edges, where other 
magnetic imaging techniques have major problems. On de- 
creasing the field further, the reverse domain grows [as indi- 
cated by a solid arrow in Fig. 3(c)] with its magnetization 
direction probably perpendicular to the external field (paral- 
lel to the edge). At H= 13 Oe, a new domain with a magne- 
tization direction antiparallel to the external field (parallel to 
one edge of the sample) is formed. Figures 3(b), 3(c), and 
3(d) also show a long magnetic structure (indicated by a 
dashed arrow) starting from the right corner of the square. 
This structure, becoming longer with decreasing external 
field, is believed to be a 360° wall (simulations of the ex- 
pected MFM response of a 360° wall are comparable with 
experimental results).3 At H=5 0e, all the four domains 
with parallel, antiparallel, and perpendicular magnetization 
with respect to the external field are present. For this con- 
figuration to be achieved, a domain rotation from the exter- 

nal field direction to a direction perpendicular to the field 
(parallel to the edge) must have occurred when the long 
magnetic structure meets other domain walls. The exact field 
at which this happens could not be determined. Possibly, this 
might be due to the limited time resolution of our nonopti- 
mized imaging (each image takes 10-20 min). The rotated 
domain is indicated in Fig. 4(e) by an arrow. Inside this 
rotated domain, another long magnetic structure is seen, 
which disappears when the external field is reduced to zero. 
At this point, the four domains become equal in size and the 
edge effect driven closure domain configuration is formed. 
The magnetic domain structure in Fig. 4(f) differs from the 
ac demagnetized sample in that the magnetic ripples appear 
only on two edges of the sample instead of on all the four 
edges.1 The magnetization direction of the two domains, 
which shows magnetic ripples, is either parallel or antiparal- 
lel to the previously applied field. 

The magnetic dissipation signals (Fig. 4) show maxima 
always associated with domain-wall positions during the re- 
versal. 

Applying an external magnetic field does not move some 
structures [e.g., the "crater" in the middle of the square and 
the bright spots outside the square in Fig. 4(a)]. This indi- 
cates that they are topography that was not served out and 
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FIG. 5. Constant force gradient and magnetic dissipation images of an 
Fe/Cu multilayer (GMR) sample. Image size is 5 yum by 2.9 pm. The av- 
erage tip-sample separation is 60 nm. (a) and (b) are the constant force 
gradient and the simultaneously acquired dissipation images in the absence 
of an external field, (c) and (d) are the constant force gradient and the 
simultaneously acquired dissipation images in the presence of an external 
field of 30 Oe on the same area as (a). Maximum z variations in both (a) and 
(c) are all 1 nm. The variation of driving amplitude in (b) is 70 mV (corre- 
sponding to an energy loss of 0.019 eV in one oscillation cycle, ßo 
= 10 000 for this experiment), while in (d) it is 18 mV (thermal noise level). 
The average driving amplitude for (b) and (d) is 3000 mV. No image pro- 
cessing except for a plane subtraction was performed for the constant force 
gradient images. The dissipation images are raw data. 

provided convenient markers that were independent of the 
magnetic structures. 

In multilayer GMR samples (consisting of alternative 
nonmagnetic and magnetic layers), the adjacent magnetic 
layers are antiferromagnetically coupled through a 
Ruderman-Kittel-Kasuya-Yosida interaction.13 A single 
nonmagnetic or magnetic layer has a typical thickness of 
only several angstroms. As a result, the sample stray field at 
positions thousands of angstroms above the sample surface is 
virtually zero since the fields from the adjacent magnetic 
layers cancel each other. This raises a challenge to image the 
magnetic domain structure in these samples by normal mag- 
netic force microscopy, which relies on the interaction be- 
tween the tip magnetization and sample stray field. Figures 
5(a) and (b) show the experimental results on a 
(Cu25A/Fe 11 Ä)X36 multilayer GMR sample at z 
= 60nm. The contrast in Fig. 5(a) comes from the sample 
surface topography while the contrast in Fig. 5(b) is a result 
of tip stray field influencing the sample magnetic structure. 
We verify this by imaging with an external field. At a field of 
30 Oe parallel to the sample surface (the sample's coercivity 
is 3 Oe), the contrast in the dissipation image [Fig. 5(d)] 
disappears while the constant force gradient image [Fig. 
5(c)] is unchanged. The signal observed in Fig. 5(d) corre- 
sponds quantitatively to the thermal noise limited dissipation 
measurements. Magnetic dissipation microscopy can thus de- 
tect magnetic structures not observable by magnetic force 
microscopy. This might have future applications in investi- 
gating antiferromagnets, spin glasses, and patterned mag- 
netic media as well as in high-density storage if data rates 
and reliability issues can be solved. 

Further studies on the origin of the dissipation in the 
GMR samples might help to determine the interlayer cou- 
pling strength and micromagnetic structure in these samples. 

In conclusion, the nonconservative interaction of the tip 
stray field with micromagnetic structures can be deduced by 
measuring dissipation in an ac MFM. We find that the major 
contribution to magnetic dissipation originates in magneto- 
elastic losses as a result of the tip-field coupling to the 
sample magnetization. Dissipation measurements are ther- 
mally limited. We have achieved a sensitivity of better than 
2.0X10~4 e,V/\[Wz per oscillation cycle of the tip in a 
vacuum MFM. Lateral resolution in dissipation imaging is at 
least as good as standard MFM imaging. Quantitative dissi- 
pation measurements in combination with micromagnetic 
simulations should allow an upper boundary to be put on the 
influence of the tip stray field on the switching behaviors of 
small magnetic particles. Dissipation measurements allow us 
to determine the onset of tip influences on the micromagnetic 
structures long before they are observable in regular MFM. 
Dissipation also allows us to distinguish between different 
micromagnetic wall structures such as Neel and Bloch walls, 
Bloch lines, etc. Furthermore, the presence of domain walls 
can be deduced with dissipation measurements when stan- 
dard MFM fails, such as at the edges of permalloy samples 
(large topography variations) or when the sample stray field 
is very weak (e.g., in antiferromagnetically coupled 
multilayer thin-film structures). Quantitative dissipation im- 
aging on a suitable reference sample can also be used as a 
relative calibration of tip stray fields, an important parameter 
in qualitative and quantitative interpretation of MFM data. 
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Long wavelength spin dynamics in La0 53Ca0 47Mn03 
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Gang Xiao and M. L. Gardel 
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The magnetic structure and dynamics in the colossal magnetoresistance (CMR) class perovskite 
Lao 53Cao 47Mn03 

nave been studied by elastic and inelastic neutron scattering. This composition is 
near the 0.5 Ca transition from a metallic ferromagnet to an insulating antiferromagnet. Powder 
neutron diffraction on these samples showed coexisting ferromagnetic and antiferromagnetic phases 
at low temperature and a splitting of the lattice parameters of the antiferromagnetic phase near TN, 
reflecting the onset of the charge ordered state. Inelastic scattering measurements of the 
ferromagnetic excitations exhibited well-defined spin waves of resolution width below Tc. The spin 
waves exhibited conventional Heisenberg behavior with dispersion of the form E = Dq2+A with 
spin stiffness D(T=0 K)«435 meV Ä2 and an energy gap A^O.l meV. The value of the spin wave 
stiffness D is similar to that found for other ferromagnetic perovskite materials, and it renormalized 
with temperature in a manner consistent with the magnetization. © 1998 American Institute of 
Physics. [S0021-8979(98)27211-2] 

I. INTRODUCTION 

The discovery in the early 1990s of a colossal magne- 
toresistance effect1 (CMR) in perovskite manganite com- 
pounds and their potential technological applications has 
sparked an intense revival of interest in the magnetic prop- 
erties of these materials, for which the basic magnetic and 
crystal structure data date back to 1955.2 Key to the under- 
standing of the magneto and transport properties of the com- 
pounds is the relationship of Mn+3-Mn+4 double exchange 
interactions, Jahn-Teller distortions, polarons, and charge 
ordering. Inelastic neutron scattering provides a mechanism 
to study these mechanisms via their influence on the spin 
wave excitations, including anomalous dispersion effects, 
spin diffusion central modes, and unusual spin wave life- 
times. 

The La1_A.CaxMn03 system exhibits metallic ferromag- 
netism above a threshold value of x« 0.2 and above x^O.5 
becomes an insulating antiferromagnet. Previous magnetiza- 
tion and transport results have indicated3 that compositions 
between x - 0.47 and x = 0.50 exhibit concomitant ferro and 
antiferromagnetic states with the ferromagnetic transition 
temperature approximately 40 K higher than the antiferro- 
magnetic transition temperature for x = 0.48. The onset of the 
antiferromagnetic state is accompanied by charge ordering of 
the Mn+3 and Mn+4 on distinct lattice sites and is reflected in 
a splitting of the lattice parameters ascribed to Jahn-Teller 
distortions of the Mn+406 octahedra.4 In this article we 
present neutron results on the magnetic structure and spin 
dynamics    measured   in    a   polycrystalline    sample   of 

"'Electronic mail: jrhyne@showme.missouri.edu 

Lag 53Ca047MnO3. This composition was chosen to examine 
the nature of the coexistence of ferro and antiferro order and 
the effect of this coexistence on the ferrromagnetic spin ex- 
citations. 

The crystal structure, confirmed by neutron powder dif- 
fraction, was indexed as a slightly orthorhombic Pnma 
space group at room temperature with an additional mono- 
clinic P21/m structure at low temperature amounting to a 
40% volume fraction. The magnetic refinement confirmed 
the coexistence of both ferromagnetic and antiferromagnetic 
phases below TN that persisted down to 10 K, the lowest 
temperature measured. The low T values of the Mn moment 
were 2.8/AB for the ferromagnetic phase derived from the 
orthorhombic crystal phase, and 3.7'/JLB for the Mn+3 and 
2.8/Uß for the Mn+4 site of the monoclinic phase. The latter 
phase exhibited a change in lattice parameters near TN re- 
flecting the onset of charge ordering. 

II. MAGNETIC INELASTIC SCATTERING 

Lynn et al.5'6 have studied the spin dynamics in the 
CMR optimally doped composition Lao.66Cao 33Mn03 and 
have found marked departures from conventional Heisenberg 
spin wave behavior. They observed a quadratic dependence 
of the spin wave energy on wave vector transfer (£sw 

= Dq2 + A) as expected with no measurable energy gap A at 
£" = 0. However, the spin stiffness D, which usually mimics 
the magnetization, showed only a relatively weak renormal- 
ization with temperature of approximately 50% up to Tc. 
Spin waves were not observed above Tc; however, an 
anomalous large central (elastic) mode developed above 
about 80% of Tc that persisted to temperatures well in excess 
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FIG. 1. Spin wave spectra for q = 0.06 Ä"1 at 150 and 200 K. Data taken at 
10 K have been subtracted to remove parasitic scattering near £ = 0. 

of Tc. This central mode was observed to exchange spectral 
weight with the spin wave excitations, and to have a width 
varying with q2 indicative of spin diffusion. 

In the present work, inelastic scattering data were taken 
on a powder sample of Lag^Cao^MnC^ from 240 K (Tc 

*»237 K) down to 10 K using a triple axis spectrometer at 
the University of Missouri Research Reactor. The incident 
neutrons derived from a focused (002) pyrolytic graphite 
monochromater had energy of 14.2 meV. A pyrolytic graph- 
ite analyzer was used with Soller slit collimations of 10' 
-10'-S-10' —10' before and after the monochromator 
and analyzer. Due to the polycrystalline form of the sample, 
inelastic data could only be taken in the first Brillouin zone 
about the (000) reflection. At these low scattering angles, the 
range of energy transfers that could be measured for each q 
is significantly restricted by kinematic considerations, and in 
general only the longer wavelength spin waves can be exam- 
ined, which must be assumed to be isotropic in q. The spec- 
trometer configuration gave a resolution for elastic scattering 
of 0.2 meV, and due to focusing conditions that are nearly 
identical for neutron energy gain and loss peaks at low q, the 
intrinsic spin wave widths are somewhat narrower. 

Constant q-mode inelastic scattering data were taken at a 
number of qs in the range 0.04 Ä_1=£<7=s 0.1 Ä-1 at each 
temperature and over both positive (neutron energy loss) and 
negative (neutron energy gain) maximum energy ranges dic- 
tated by the kinematic restrictions. Figure 1 shows the results 
of constant q = 0.06 A-1 inelastic scans at 150 and 200 K 
(the ferromagnetic rc=237 K). The increased statistical er- 
ror near E = 0 results from the subtraction of data taken be- 
low 10 K, which effectively suppresses the parasitic incoher- 
ent elastic scattering from the cryostat and from the sample. 
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of the spin wave energies vs q2 showing the quadratic disper- 
existence of a small q = 0 energy gap. 

At 10 K, thermal population effects produce negligible spin 
wave scattering. (It is noted that the £ = 0 parasitic scattering 
in this sample was quite large relative to the ferromagnet 
spin wave scattering due to the spurious extra contributions 
from the coexistent antiferromagnetic phase that may indeed 
contain almost half the atoms.) The data of Fig. 1 also con- 
firm that the spin wave energies reduce with increasing tem- 
perature as expected. 

The spin waves measured at different q values show a 
quadratic dispersion as illustrated in Fig. 2 for the tempera- 
tures studied between 220 K (0.93 Tc) and 120 K (0.51 Tc) 
again reflecting conventional Heisenberg behavior. Lower 
temperatures could not be fully measured because of the 
above-mentioned restrictions on the energy range of the 
spectrometer. A small <? = 0 energy gap A«0.1 meV is evi- 
dent and presumably originates from crystal field anisotropy. 
This is in contrast to the gapless behavior seen for the x 
= 0.33 compound.5 It should be noted that the quadratic dis- 
persion of Fig. 2, combined with the (0,0,0) origin for q, 
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FIG. 4. Scattering data at 220 K (0.93 Tc) for q = 0.08 A-1 showing the 
central (£=0) mode intensity that is significantly smaller than that ob- 
served previously in an ;c = 0.33 compound (see Ref. 5). 

definitively confirms the existence of long wavelength ferro- 
magnetic spin waves existing in a compound that also shows 
antiferromagnetic spin order. 

Figure 3 shows the temperature dependence of the spin 
wave stiffness parameter D over the above temperature 
range. The stiffness exhibits significant renormalization with 
temperature again in contrast to the results for the x = 0.33 
sample.5 The figure also shows a curve of the Brillouin func- 
tion for 5=1.77 (effective Mn spin for this composition) 
normalized to Tc = 237 K. This curve represents the tempera- 
ture dependence of the Mn order parameter and also repre- 
sents the approximate higher temperature dependence of D 
in a conventional ferromagnet. The extrapolated T= 0 K 
value of the spin stiffness is 135 meV A2 that gives a value 
of D/Tc = 0.57 characteristic of an itinerant system. 

The large E = 0 parasitic scattering in this sample makes 
the determination problematical of the magnitude and q de- 
pendence of any central mode that appears as the spin waves 
merge into the elastic position on approach to Tc. Figure 4 

shows the inelastic scattering (10 K data have been sub- 
tracted) at 220 K (0.93 Tc) and # = 0.08 Ä-1. The solid lines 
are Gaussian fits to the expected spin waves and the central 
E = 0 peak. Although within experimental uncertainty the 
central peak is not negligible, its intensity certainly does not 
exceed the spin waves by a factor of three as observed in the 
x = 0.33 material at this same fraction of Tc; nor is there 
much evidence of an exchange of spectral weight between 
the spin wave peaks and the central mode starting below 
0.9 Tc. It was suggested the large central mode is related to 
the formation of a magnetic polaron and is consequently 
found to be very sensitive to applied magnetic fields.6 The 
observed weakening or absence of these effects in other 
compositions would support this concept. 

In summary our neutron results on La0.53Ca047MnO3 

show definitely coexisting phases of ferromagnetic and anti- 
ferromagnetic bulk spin ordering. The spin dynamics repre- 
sentative of the ferromagnetic phase were strongly character- 
istic of a convention ferromagnet and did not show the 
anomalies found for the optimally doped x = 0.33 
compounds.5 While the antiferromagnetic spin waves could 
not be observed at the q = 0 origin, their assumed presence 
did not destroy the ferromagnetic spin waves nor perturb 
them from conventional behavior. 
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Spin dynamics of strongly doped La^xS^MnOa 
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Cold neutron triple-axis measurements have been used to investigate the nature of the 
long-wavelength spin dynamics in strongly doped La!_xSrxMn03 single crystals with x = 0.2 and 
0.3. Both systems behave like isotropic ferromagnets at low T, with a gapless (E0<0.02meV) 
quadratic dispersion relation E = E0 + Dq2. The values of the spin-wave stiffness constant D are 
large (DT=0= 167 meV Ä2 for x = 0.2 and DT=0= 176 meV Ä2 for x = 0.3), which directly shows 
that the electron transfer energy for the d band is large. D exhibits a power law behavior as a 
function of temperature, and appears to collapse as T—> Tc. Nevertheless, an anomalously strong 
quasielastic central component develops and dominates the fluctuation spectrum as T—> Tc. Bragg 
scattering indicates that the magnetization near Tc exhibits power law behavior, with yS—0.30 for 
both systems, as expected for a three-dimensional ferromagnet. © 1998 American Institute of 
Physics. [S0021-8979(98)27311-7] 

Since the recent discovery of unusually large magnetore- 
sistive effects in perovskite manganites, the doped LaMn03 

class of materials1 has generated continued interest and has 
motivated experimental and theoretical work devoted to un- 
derstanding of the origin of this colossal magnetoresistance 
(CMR) phenomenon. The large variation in the carrier mo- 
bility originates from an insulator-metal transition that is 
closely associated with the magnetic ordering. The on-site 
exchange interaction between the spins on the manganese 
ions is believed to be strong enough to completely polarize 
the (eg) conduction electrons in the ground state, forming a 
"half-metallic" ferromagnet. However, hopping, and hence 
conduction, may only occur if the Mn core spins (formed by 
the d electrons in a t2g orbital) on adjacent sites are parallel, 
which then directly couples ferromagnetic order with the 
electrical conductivity at elevated temperatures. This mecha- 
nism, known as the double exchange mechanism,2 was first 
proposed in the 1950s, and has provided a good description 
of the evolution of the magnetic properties with band filling. 
However, in order to fully explain all the properties of the 
CMR materials, strong electron correlations,3 and/or a strong 
electron-lattice coupling4 in different polaronic approaches 
are invoked. This unique class of half-metallic ferromagnets 
provides an excellent opportunity to elucidate the influence 
of such correlations on the lattice and spin dynamics, which 
can best be probed by inelastic neutron scattering. 

In the optimally doped regime with x~0.3 it has been 
shown that the ground state spin dynamics is essentially that 
expected for a conventional metallic ferromagnet described 
by an isotropic Heisenberg model.5-7 For the Ca-doped sys- 
tem, however, results obtained on polycrystalline samples8 

have indicated a possible coexistence of spin-wave excita- 
tions and spin diffusion in the ferromagnetic phase. In par- 

a)Electronic mail: lida@rrdstrad.nist.gov 

ticular, it was suggested that it is this spin diffusion that 
drives the ferromagnetic phase transition rather than the ther- 
mal population of conventional spin waves. In the present 
publication we report diffraction and inelastic measurements 
of the spin dynamics in the metallic ferromagnets 
Lao8Sr02MnO3 

and Lag 7Sr0 3Mn03. 
The single crystals used in the present neutron scattering 

experiments were grown at the Steel and Alloys Institute in 
Moscow, using the floating zone method. The crystals 
weighed 2.25 and 4.25 g, respectively. The samples were 
oriented such that the [100] and [010] axes of the rhombo- 
hedral R3c cell lie in the scattering plane. The neutron scat- 
tering measurements have been carried out on the NG-5 
(SPINS) cold neutron triple-axis spectrometer at the NIST 
research reactor. The (002) reflection of pyrolytic graphite 
(PG) was used as monochromator and analyser for measur- 
ing the low-energy part of the spin-wave spectrum. We have 
used a flat analyzer with a fixed final energy Ef= 3.7 meV, a 
cold Be filter on the incident beam, and collimations 
40'-5-40'-130' in sequence from the neutron guide to de- 
tector. This configuration offered an energy resolution of 
—0.15 meV, together with good q resolution. Each sample 
was placed in a helium-filled aluminum cell in a displex 
refrigerator. The sample temperature ranged from 15 to 325 
K for Lao8Sr02Mn03, and from 30 to 375 K for 
Lao.7Sr0 3Mn03, and was controlled to within 0.1°. 

The crystal structure of both systems at room tempera- 
ture and below is rhombohedral (R3c), with a0—b0—c0 

= 3.892 Ä for x = 0.2 and a0=fc0==c0=
:3.884Ä for x = 0.3. 

Figure 1 shows the integrated intensity of the (100) 
Bragg reflection as a function of temperature for both 
samples. This reflection has a finite nuclear structure factor, 
and therefore the intensity in the paramagnetic phase is non- 
zero. The increase in intensity below Tc is due to magnetic 
scattering produced by the ferromagnetism of spins aligning 
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on the manganese ions and yielding a magnetic structure 
factor. The solid curve is a fit of the points near Tc to a 
power law. The best fits give Tc= 305.1 K and a critical 
exponent /3=0.29±0.01 for La08Sr02MnO3, and Tc 

= 350.8 K and /3=0.30±0.02 for Lao.7Sr0.3Mn03. Both val- 
ues of the critical exponent are slightly below, but rather 
close to, the well known three-dimensional Heisenberg fer- 
romagnet model value of ~l/3. 

We have investigated the spin dynamics in the (1,0,0) 
high-symmetry direction in both samples. The ground state 
spin dynamics for a half-metallic ferromagnet was not ex- 
pected to differ much from the conventional picture of well 
defined spin waves, and we found that the long-wavelength 
magnetic excitations were in fact the usual spin waves, with 
a dispersion relation given by E = E0 + Dq2, where E0 rep- 
resents the spin-wave energy gap and the spin stiffness co- 
efficient is directly related to the exchange interactions. The 
spin-wave gap E0 was too small to be measured directly in 
energy scans at the zone center, but very high-resolution 
measurements on the NG-5 (SPINS) cold-neutron triple-axis 
spectrometer have allowed us to determine that E0 

<0.02 meV for both systems, which demonstrates that these 
are "soft" isotropic ferromagnets. A previously reported 
value of £0 = 0.75 meV for the JC = 0.3 system6 was obtained 
from an extrapolation of higher q data, not from direct high- 
resolution measurements as in the present case. The low- 

temperature values of the spin-wave stiffness constant D are 
large: Dr=0=(166.8± 1.51) meVÄ2 for x = 0.2 and DT=0 

= (176±5.00) meVÄ2 for x = 03, and give a ratio 
D/kBTc~ 6.34 Ä2 and 5.82 Ä2 for the x = 0.2 and 0.3 sys- 
tems, respectively. Both values are quite large, as might be 
expected for an itinerant electron system. 

Figure 2 plots the temperature dependence of the spin- 
wave stiffness D. The data have been analyzed in terms of 
two-spin-wave interactions in a Heisenberg ferromagnet 
within the Dyson formalism,10 which predicts that the dy- 
namical interaction between the spin waves gives, to leading 
order, a temperature dependence: 

z)(r)=Dc 1 
V0l   IT kBT 

ATTDQ 

5/2 

c\\ (1) 

where v0 is the volume of the unit cell, S is the average 
value of the manganese spin, and £(5/2) is the Riemann zeta 
integral. I2 is the moment defined by ln = SI3D{Zln+2J{\)} 
and which, compared to the square of the lattice parameter 
a2, gives information about the range of the exchange inter- 
action. The solid curves in Fig. 2 are fits to Eq. (1), and are 
in good agreement with the experimental data for reduced 
temperatures t=(T-Tc)/Tc up to r, = -0.1 for 
La08Sr02MnO3 and -0.14 for La07Sr03MnO3. The fitted 

values of I2 give VF=(3.92±1.04)a0 for A: = 0.2, and V/2 

= (3.84± 1.22)a0 for x = 0.3, which indicates that the ex- 
change interaction extends beyond nearest neighbors in both 
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FIG. 3. (a) Constant-^ magnetic inelastic spectra collected at 300 and 325 K 
and a reduced wave vector vector q = (0,0,0.035) for La07Sr03MnO3 (Tc 

= 350.8 K), and (b) temperature dependence of the integrated intensity of 
the quasielastic central component. The dominant effect is the development 
of a strong quasielastic component in the spectrum. Above Tc, all the 
scattering in this range of q is quasielastic. 

systems. For t >tx, the experimentally measured values of D 
depart from the T512 dependence, having rather a power law 
behavior and appearing to collapse as T—>TC. The dashed 
lines in Fig. 2 are fits to a power law [1-(T/TC)]V ~ß, 
where v is the critical exponent for a three-dimensional fer- 
romagnet. 

In the course of our measurements we have noticed that 
the central peak has a strong temperature dependence on ap- 
proaching Tc, while typically the central peak originates 
from weak temperature-independent nuclear incoherent scat- 
tering. Figure 3(a) shows two magnetic inelastic spectra col- 
lected at 300 and 325 K, and reduced wave vector q 
= 0.035 away from the (100) reciprocal point in 
Lao.7Sro.3Mn03 (JC = 351K). A flat background of 4.9 
counts plus an elastic incoherent nuclear peak of 110 counts, 
measured at 30 K, have been subtracted from these data. We 
can clearly see the development of the quasielastic compo- 
nent, comparable in intensity to the spin waves, and the tem- 
perature dependence of the strength of this scattering is 

shown in Fig. 3(b) as a function of temperature. We observe 
a significant intensity starting at 250 K (—100 K below Tc), 
and the scattering peaks at Tc. At and above Tc all the 
scattering is quasielastic. For typical isotropic ferromagnets, 
such as Ni, Co, Fe, any quasielastic scattering below Tc is 
too weak and broad to be observed directly in the data, and 
can only be distinguished by the use of polarized neutron 
techniques. In Fig. 3(a) we can nevertheless see that the 
spectrum starts to be dominated by this quasielastic compo- 
nent at temperatures well below Tc. The appearance in the 
ferromagnetic phase of a quasielastic component was first 
observed on Ca-doped polycrystalline samples,8 and it has 
been suggested that it is associated with the localization of 
the eg electrons on the Mn3+/Mn4+ lattice, and may be re- 
lated to the formation of spin polarons in the system.9 We 
have observed a similar anomalous behavior of the central 
peak in the more lightly doped system La085Sr015MnO3,11 

but for that doping we find that the central component be- 
comes evident only much closer (—25 K) to the Curie tem- 
perature. It thus appears that the coexistence of spin-wave 
excitations and spin diffusion is a common characteristic for 
many perovskite manganites, and that it may be relevant for 
the giant magnetoresistance property of these systems. It is 
therefore important to pursue the study of this aspect with 
polarized neutron techniques, in order to determine the na- 
ture of the fluctuations involved in this new quasielastic 
component to the fluctuation spectrum. 
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The magnetic ordering of the Mn spins in polycrystalline Nd0 62Ca0 38Mn03 has been investigated 
by means of neutron diffraction and ac magnetic susceptibility measurements. Three peaks around 
230, 90, and 40 K were observed in the temperature dependence of the in-phase component of the 
ac susceptibility, x'(T). Neutron diffraction measurements show that the peak at 90 K is associated 
with the ordering of the Mn spins, and that at 40 K is due to the reorientation of the Mn spins. Both 
ferromagnetic and antiferromagnetic coupling between the Mn spins were observed. The spins order 
at r^^BOK, with a spin structure consisting of ferromagnetically coupled, tilted 
antiferromagnetic sheets. No evidence was found from the neutron diffraction data to indicate that 
the peak around 230 K in x'(T) is of magnetic origin, which suggests that it is associated with 
charge ordering.   © 1998 American Institute of Physics. [S0021-8979(98)27411-l] 

The discovery of colossal magnetoresistance (CMR) in 
distorted rare-earth containing manganites has sparked re- 
newed interest in this class of materials.1'2 CMR as large as 
ten thousand fold has been observed in many systems. This 
phenomenon is now known to arise from the occurrence of a 
ferromagnetic transition accompanied by a insulator-metal 
transition, in which the double exchange (DE) interaction 
involving charge and spin exchanges is the main mechanism 
believed to be operating.3'4 The ferromagnetic metallic state 
is achieved by partially substituting trivalent rare-earth ions 
with divalent alkaline-earth ions. So far, the La-based com- 
pounds have been intensely investigated, whereas fewer 
studies have concentrated on the Nd-based systems. In this 
article, we present studies made on a Ca-doped Nd-based 
compound using neutron diffraction and ac magnetic suscep- 
tibility measurements. Charge ordering, tilted antiferromag- 
netic ordering of the Mn spins, and spin reorientation were 
observed. 

Polycrystalline sample was prepared by the standard 
solid-state reaction techniques. Detailed sample fabrication 
procedures can be found elsewhere.5 The sample fabricated 
was characterized by a complete structural analysis using 
neutron powder diffraction and Rietveld analysis.6 High- 
resolution neutron diffraction patterns taken at eight tem- 
peratures were collected on BT-1, the 32-detector powder 
diffractometer at the U.S. NIST Research Reactor. A con- 
ventional setup of Cu(311) monochromator, pyrolytic graph- 
ite (PG) filter, and collimations of 15'-20'-7' full width at 
half maximum (FWHM) acceptance was employed. The 
high-resolution diffraction patterns were analyzed using the 

"'Electronic mail: whli@joule.phy.ncu.edu.tw 

General Structure Analysis System (GSAS) program.7 The 
refinements were carried out assuming the symmetry of 
space group Pbnm. There are essentially no unexpected 
peaks present, showing that the sample is practically single 
phase. We estimated the impurity level to be less than 1%. 
Careful analysis of the occupancy factors shows that 38% of 
the Nd sites are occupied by Ca atoms, while the O sites are 
almost fully occupied. Hence a chemical formula of 
Nd0.62Cao 38Mn03 is obtained. The compound crystallizes 
into an orthorhombic phase, with a crystal structure that may 
be viewed as a stacking of Mn02—(Nd/Ca)0 layers (a — b 
planes) along the c axis direction. Lattice constants that we 
obtained at T= 180 Kare a = 5.4041(2), b = 5.4526(2), and 
c = 7.6274(4) Ä. 

The ac susceptibility measurements were performed on a 
conventional susceptometer, with which both the in-phase 
component x' and the out-of-phase component x" can be 
measured. The temperature dependence of the ac susceptibil- 
ity data were collected using a driving field of frequency 100 
Hz and rms strength 1 Oe. Shown in Fig. 1 is the variation of 
x' with temperature. Three peaks are seen over the tempera- 
ture range studied. Using an expanded y scale, shown as an 
inset of Fig. 1, a small but definitive peak is clearly revealed 
around 230 K. This peak is not of magnetic origin (see be- 
low), and we believe it originates from charge ordering.8 The 
main feature seen in Fig. 1 is of course the huge but broad 
peak around 90 K. This peak is associated with the ordering 
of the Mn spins (see below), and it has an antiferromagnetic 
character as a cusp is present. At 40 K another peak is clearly 
seen in x'(T), which is due to the change of the moment 
direction of the Mn spins (see below). This behavior is much 
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FIG. 1. Temperature dependence of x' measured using a driving field of 
frequency 100 Hz and rms strength 1 Oe. Three definite peaks at 230, 90, 
and 40 K are clearly seen. 
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FIG. 3. Temperature dependence of the integrated intensities of the 
{jOOJ+jOjO} and {52O} reflections, showing a TN**> 130 K for the Mn spins. 
The two curves shown separate at 50 K. The inset shows the integrated 
intensity of the {202}+{022} peak measured at high temperatures. No inten- 
sity variation is seen. 

reduced as a dc field is applied. No ac losses were detected, 
as essentially zero values were obtained for x" at all tempera- 
tures studied. 

Neutron magnetic diffraction was performed also at the 
NIST Research Reactor. Data were collected on the BT-9 
triple-axis spectrometer operated in double-axis mode, using 
a conventional setup with PG monochromator and filter. 
Neutrons of. wavelength \=2.351 Ä and angular collima- 
tions of 40'-48'-48' FWHM acceptance were used. A 
pumped 4He cryostat was used to cool the sample. Diffrac- 
tion patterns covering a range in scattering angle 2 6 from 10° 
to 65° were taken at several temperatures ranging from 1.8 to 
325 K. No structural changes were observed over the tem- 
perature range studied. Detectable nuclear peaks appear at 26 
greater than 30°, while the main magnetic peaks occur below 
20°. Figure 2 shows the low scattering-angle portions of the 
diffraction patterns collected at four temperatures. At 160 K, 
which is above the temperature at which the most pro- 
nounced peak in x'(T) appears, only background intensities 
are present in this 26 range. At lower temperatures, several 
new peaks develop, while the background intensities become 
lower as the magnetic scattering evolve into Bragg peaks. 

20 
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FIG. 2. Portions of the diffraction patterns taken at four temperatures. Only 
background intensities are present at 160 K. At lower temperatures, two 
magnetic peaks develop while the background intensities become lower. 
The intensities of these two peaks vary differently with temperature. The 
indices shown are based on the nuclear unit cell. 
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Based on the nuclear unit cell, the two peaks shown in Fig. 2 
may be indexed as the {f00}+{0^0} and {^0} Bragg reflec- 
tions, that originate from the ordering of the Mn spins. 
Clearly, the intensities of the {jOOj+jO^O} and {55O} reflec- 
tions vary differently with temperature, especially at tem- 
peratures below 15 K. The ratio between the {jOOj+lO^O} 
and {^{0} integrated intensities changes from being equal to 
1.09 at 50 K, to 1.28 at 15 K, then to 1.40 at 1.7 K. These 
data indicate that the moment directions of the Mn spins vary 
with temperature. Besides the two peaks shown in Fig. 2, 
additional magnetic peaks that may be indexed as the 
{JIOHO5O}, {^01}+{0fl}+{0|0}, and {55I} reflections were 
also observed (not shown). 

The temperature dependence of the {jOOj+IOjO} and 
{22O} integrated intensities are shown in Fig. 3. Both peaks 
begin to develop around 150 K. The ordering temperature of 
the Mn spins, as determined by the inflection point, is TN 

^ 130 K. Above 50 K, these two peaks follow essentially the 
same temperature-dependent curve, showing that the spin di- 
rection does not change over this temperature regime. Below 
50 K, the intensity of the {^OOj+jOjO} peaks increase faster 
than that of the {^0} peak, implying that the spin directions 
are changing with temperature. We note that a corresponding 
peak, which may be completely smeared by an applied dc 
field of 1 kOe, appears in the x'(T) data. The intensity of the 
{55O} peak saturates at 15 K. This is the temperature at which 
the Mn moment is essentially saturated. However, the inten- 
sity of the {iOOl+lOjO} peak continues to increase as the 
temperature decreases further. This intensity is still not satu- 
rated even at 1.7 K, the lowest temperature studied. If this 
further increase of the {jOOj+jOjO} intensity is due to the 
reorientation of the Mn spins, it must be accompanied by 
decreases of the intensities of other magnetic peaks. How- 
ever, no such evidence was found. Instead, the intensity of 
the {^Oll+jOjll+lOfO} peak was found to increase with re- 
ducing temperature as well. Another possible origin is the 
ordering of the Nd spins, and the observed data indeed may 
be explained quite well if one assumes the Nd spins are 
ordered with a simple antiferromagnetic arrangement. How- 
ever, Nd spins usually order at quite low temperatures, lead- 
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FIG. 4. Schematic of the spin configuration in the a - b plane. The moment 
directions are arbitrarily chosen to be along the b axis for clarity. 

ing us to propose that the moments on the Nd are induced by 
the ordered Mn moments. More data taken at lower tempera- 
tures are needed to make this argument conclusive. 

At high temperatures, on the other hand, the intensity 
ratios did not vary significantly. Shown as an inset in Fig. 3 
is the {202}+{022} integrated intensity measured at high 
temperatures. No evidence was found to support the 
argument5 that the peak observed in x'(T) around 230 K is 
due to a ferromagnetic transition induced by the Ca substi- 
tution. 

Based on the data presented above, we propose the fol- 
lowing magnetic structure and its variation with temperature 
for the Mn spins in Nd062Ca038Mn03: The coupling of the 
Mn spins in the a-b plane is basically antiferromagnetic, 
while the interlayer coupling is ferromagnetic. Figure 4 
shows the arrangement of the Mn spins in the a — b plane. It 
consists of antiferromagnetic chains along the b axis, with 

the moment directions of every fourth chain tilted by a small 
angle with respect to that of other chains. The titling is nec- 

essary to explain the appearance of the {|//}-type 

(/=integer) reflections that accompany the {2 2^}-tyPe reflec- 
tions, which we believe is caused by the Ca substitution. Our 
powder neutron data cannot resolve the a axis from the b 
axis due to their similarity. The specific moment directions 
in the a — b plane hence cannot be determined from our data. 
For clarity, in Fig. 4 we choose the moments to be basically 
along the b axis. Above 50 K the tilt angle is about 5°. 
Below 50 K this tilt angle increases with decreasing tempera- 
ture, and reaches 15° as the Mn moments saturated at T 
~15K, with(yu,z) = 2.07(3)Aiß. 
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Neutron scattering has been used to study the magnetic correlations in the double-layer manganite 
Laj 2Srj 8Mn207, which exhibits colossal magnetoresistance in the vicinity of the ferromagnetic 
transition at rc=112K. Over a large temperature range above Tc, there is evidence for 
two-dimensional magnetic correlations which peak in intensity at the transition. Although the 
in-plane correlations are predominantly ferromagnetic, a strong canting of spins in neighboring 
planes within the bilayers, at an angle that is dependent on both the temperature and magnetic field, 
is observed. There are indications of a crossover to three-dimensional critical scattering very close 
to Tc, but the nature of the phase transition has yet to be determined. © 1998 American Institute 
of Physics. [S0021-8979(98)45411-2] 

I. INTRODUCTION 

Colossal magnetoresistance can be strongly enhanced in 
systems with reduced dimensionality and so there has been 
considerable interest in the two-layer Ruddlesdon-Popper 
compounds, La2_ 2x3^+2.^^07, where x is the hole dop- 
ing in the Mn02 planes.1"3 In zero field, these systems un- 
dergo a ferromagnetic phase transition at around 100 K with 
a concomitant metal-insulator transition. Although this tran- 
sition temperature is much lower than in the three- 
dimensional Perovskite manganites, the reduced dimension- 
ality leads to a significant extension of the temperature range 
over which magnetic correlations are important, and thereby 
allows a detailed examination of the link between local spin 
correlations and the resulting transport properties. 

The origin of colossal magnetoresistance (CMR) was 
first explained by double-exchange interactions,4"6 but re- 
cently it has been proposed that electron-phonon interactions 
play an important role in enhancing the CMR.7 However, in 
the two-layer compounds, it was found that the influence of 
antiferromagnetic interactions competing with the ferromag- 
netic double exchange is of equal importance.3'8 This aspect 
was first considered nearly 40 years ago by de Gennes,6 but 
is only now being investigated further theoretically.9 As part 
of a general study to investigate the link between the mag- 
netic and transport properties of naturally layered mangan- 
ites, we have been measuring the magnetic correlations using 
neutron diffraction and spectroscopy. 

"'Electronic mail: srosenkranz@anl.gov 
b)Also at: The University of Maryland, College Park, MD 20742. 

II. EXPERIMENTAL RESULTS 

A single crystal of the double-layer compound 
Lai 2Sr! 8Mn207 

wrtn dimensions 2X4X6 mm3 was grown 
using the floating-zone technique. Bulk measurements 
showed a ferromagnetic transition at rc*«112K in corre- 
spondence with the metal-insulator transition observed in re- 
sistivity measurements, both parallel and perpendicular to 
the Mn02 planes. The lattice parameters are a = 3.862 Ä and 
c = 20.032 Ä at 125 K in agreement with earlier measure- 
ments for this composition.2 More details on the preparation 
and characterization of this sample are given by Mitchell 
et al.2 Neutron scattering experiments were performed on the 
triple-axis spectrometers BT2 and BT9 at the National Insti- 
tute for Standards and Technology (NIST), Gaithersburg. 
Scans were taken in the (OkO) scattering plane with incident 
neutron energies of 13.7 and 14.7 meV, without analyzing 
the energy of the scattered neutrons. A superconducting so- 
lenoid which provided vertical magnetic fields up to 7 T was 
employed in the measurements on BT9. 

Diffuse scattering studies10'11 show clear evidence of 
spin correlations above Tc which have much longer correla- 
tion lengths within the Mn02 planes than perpendicular to 
them. The two-dimensional character of these correlations is 
manifest in scattering in the form of rods perpendicular to 
the bilayer planes, i.e., parallel to [00Z] for all integer h in 
the scattering geometry used. Figure 1 shows the temperature 
dependence of this rod-scattering measured on BT2 at Q 
= [ 1,0,1.833]. At this particular value of momentum transfer 
(for the given incident energy), the wave vector ky of the 
scattered neutrons is parallel to the c axis, leading to an 
optimal energy integration. The diffuse scattering is strongly 
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FIG. 1. Temperature dependence of the diffuse scattering measured at Q 
= [1,0,1.833]. A constant background, determined from a scan along 
[h,0,1.833] at 4 K has been subtracted from the data. The solid line is a 
guide to the eye. 

temperature dependent, becoming stronger in amplitude as 
the transition temperature rc=112K is approached and 
peaking sharply at Tc. Below Tc, the scattering arises from 
inelastic spin wave excitations and therefore rapidly de- 
creases with decreasing temperature. 

Because of the large separation between different bilay- 
ers, we can expect the exchange interaction along the c axis 
to be small and the dispersion of the spin waves along this 
direction to be much weaker than in the plane. Recent spin 
wave measurements carried out on the cold triple-axis spec- 
trometer SPINS at NIST indicated that the spin-wave energy 
at the zone boundary along the c direction is only 
— 0.5 meV, nearly two orders of magnitude smaller than the 
in-plane zone boundary energy. For our experiments (T 
> 10 K), the intensity is proportional to the magnon popula- 
tion, which is given by nq~kBT/hcoq when kBT>hcoq,

n 

where o)q is the spin wave energy along the c axis with 
momentum q. The observed diffuse scattering (Fig. 1) fol- 
lows this linear dependence up to T~ 80 K where the scat- 
tering increases more rapidly. This is evidence of a softening 
of the spin wave energies as Tc is approached. 

The temperature and magnetic field dependence of the 
rods was studied by measuring both parallel and perpendicu- 
lar to the rods at [00/] and [ 10/]. Because of the large sepa- 
ration between different bilayers, the modulation of the dif- 
fuse scattering along the rods is determined by the spin 
correlations of Mn spins in neighboring layers within each 
bilayer, i.e., at r,= ±zc. The energy-integrated magnetic 
neutron scattering cross section for wavevector transfer Q is 

.10 then proportional to 

S(Q)~S2(l+(cos 6»)COS4TTZ/). (1) 

Here 8 is the in-plane cant angle of the two Mn spins. Since 
z = 0.0965 in the 40% compound,2 the rod scattering due to 
ferromagnetic correlations (8=0) would peak at 1 = 0 and 
fall to zero at 1 = 2.59. In-plane spin correlations produce a 
broadening of the rods along the [h00] direction with the 
half-width equal to the inverse correlation length. 

Figure 2 shows scans along [0.95 0/], displaced from 
the [ 1 0 /] rod in order to avoid the nuclear Bragg peaks. For 
comparison, we have included data from Ref. 10 (upper part 
of Fig. 2). Clearly, the observed modulation along the rod is 

°     50 

H 1 1 1 1 1 1- 

-  T = 112 K 

[ 0.95, 0, / ] 

FIG. 2. Diffuse scattering along the Q = [0.95,0,/] direction in a vertical 
magnetic field of 0 (circles), 0.5 (triangles), 1 (squares), and 2 T (diamonds). 
The solid lines are fits of Eq. (1) to the T= 125 K data with 9= 86.6°, 74.1°, 
and 53°, respectively. The upper part of the figure is taken from Osborn 
et al (Ref. 10). 

not very strong, even close to Tc, showing that (cos d)<\. 
Either the magnetic correlations between the neighboring 
planes are extremely weak, or the spins are strongly canted 
with respect to each other. The first possibility seems un- 
likely since the nearest neighbor distance between the planes 
is nearly identical to the distance within the planes. The fer- 
romagnetic in-plane correlation length is already 9.7 A at 
125 K,10 which would give (cos 8)^0.61 for nearest neigh- 
bors, whereas the weak modulation is consistent with a value 
of (cos f?)=0.06. Such a difference would require the inter- 
action between planes to be nearly two orders of magnitude 
weaker than within the planes. On the other hand, canting is 
predicted to occur when there is a competition between 
double exchange and superexchange interactions, as dis- 
cussed below. 

A magnetic field applied vertically along the b axis 
should lead to a decrease of the cant angle and to a stronger 
modulation, in agreement with our observation. From least- 
squares fits of Eq. (1), we determined an average in-plane 
cant angle of 86.6° at T= 125 K. This cant angle is reduced 
to 74.1° at H= 1 T and 53° at H=2T. Since, at this field 
strength, the diffuse scattering has become more inelastic 
and a substantial part of the scattering has been transferred to 
three-dimensional (3D) Bragg scattering, the diffuse signal 
has decreased strongly. 

Reducing the temperature towards Tc leads again to an 
increase in the modulation so that the zero field and 0.5 T 
data at 112 K are very similar to the 1 and 2 T data, respec- 
tively, at 125 K. This similarity is seen in the lower part of 
Fig. 2, where the data measured at 112 K are shown together 
with the best fits obtained for the 125 K data. 
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[ l, o, / ] 

FIG. 3. Diffuse magnetic and nuclear scattering along the 2 = [10/] direc- 
tion at T= 120 (circles), 116 (squares), 112 (stars), and 4 K (triangles). The 
solid line gives an indication of the Bragg peaks widths at [ 10± 1 ]. 

Below 120 K, we observe an increase in the magnetic 
scattering around the [1 0± 1] Bragg peaks along the [10/] 
rod, which disappears again below Tc (Fig. 3). Since the 
in-plane correlations have no influence on the modulation 
along the rod, this scattering is due to the build-up of corre- 
lations between different bilayers. In other words, 3D corre- 
lations are developing as the transition is approached. How- 
ever, because of the strength of the nuclear Bragg peaks, it 
has not been possible to derive out-of-plane correlation 
lengths. 

III. DISCUSSION 

Although measurements of spin wave dispersions, e.g., 
in LaMn03,

13 have provided evidence of competing ferro- 
magnetic and antiferromagnetic exchange interactions of the 
usual Heisenberg form, the observation of canted spin corre- 
lations is clear evidence of a competition between double 
exchange and superexchange. Nearest-neighbor Heisenberg 
exchange will only produce collinear ferro- or antiferromag- 
netic ordering. However, because the energy of double ex- 
change interactions for a pair of spins depends on cos(f?/2),5 

rather than cos 6 as in the case of Heisenberg exchange, a 
minimum energy at 0#O or TT can result from a competition 
between the two.6 The large cant angles observed in our 
experiments imply that the double exchange and superex- 
change interactions are of the same order of magnitude in 
this compound. 

Evidently, lowering the temperature towards Tc is 
equivalent to applying an in-plane magnetic field since both 
have the effect of reducing the cant angle. This is due to the 
growth of correlations between different bilayers, seen in 
Fig. 3, which produce an in-plane molecular field stabilizing 
ferromagnetic order and eventually lead to the 3D ordering at 
Tc. However, the nature of the transition is still uncertain. 
Earlier measurements of the in-plane correlation length indi- 
cate that it does not diverge at Tc

w and so far no evidence of 

a crossover to 3D scaling was found. From the strong anisot- 
ropy in the spin wave dispersion below Tc we estimate that 
the correlations between different bilayers are at least two 
orders of magnitude weaker than the correlations within the 
plane. Therefore, if there is a crossover to true 3D scaling, it 
would only occur within a narrow temperature range of 
about 1 K above Tc and could be smeared by sample inho- 
mogeneity. 

A nondivergent correlation length on the other hand 
would indicate that the transition is first order, although the 
evidence of spin wave softening below Tc (Fig. 1) and the 
absence of any hysteresis in this compound14 show that, if 
the transition is first order, it is only weakly so. In the case of 
the three-dimensional CMR perovskites, it was found that 
the transition in La2/3Cai/3Mn03 is not a continuous second- 
order phase transition15 and it was argued that the nondiver- 
gence of the correlation length is related to the formation of 
magnetic polarons above Tc.

I6 However, it has not yet been 
established that this is a universal feature of CMR com- 
pounds, and from our present data, we cannot draw such a 
conclusion on the nature or the mechanism of the phase tran- 
sition in the layered manganites. 
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The complex magnetic behavior and the role of dynamic structural 
fluctuations in La^Sr^M^Oy crystals 
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Center for Superconductivity Research, Physics Department, University of Maryland, College Park, 
Maryland 20742 

J. F. Mitchell and D. Miller 
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The presence of dynamic structural distortions at the magnetic phase transitions in layered 
perovskite Lali2Sr1_gMn207 crystals is found by ion channeling. Their amplitude is —1.5 picometer 
between 70 and 150 K, twice as that expected due to the thermal vibrations and static changes seen 
by neutron diffraction. Over the range 150 to 320 K a total change of —2.3 picometer is observed 
with discontinuities, which correlate well with the anomalous features seen in magnetic studies. In 
this material a small ferromagnetic component persists in the region 120 to 320 K, and it is fully 
paramagnetic above 320 K.   © 1998 American Institute of Physics. [S0021-8979(98)45511-7] 

Recent observation of collosal magnetoresistance 
effect1""3 in doped perovskite-type manganites, like 
La! ^Sr^MnC^, has generated great interest in these materi- 
als. A prominent feature of these materials is the observation 
of several orders of magnitude change in electrical resistance 
in response to the applied magnetic field at the ferromagnetic 
transition temperature (re). Efforts are being made to make 
them technologically viable, by improving their field sensi- 
tivity and magnetoresistance (MR) temperature dependence 
behavior. New materials are being searched. Even the 
perovskite-type structure has been modified recently into a 
layered-type structure by inserting a rock-salt-type 
[(La, Sr)202] block layer,4 for every n Mn02 sheets, i.e., the 
compound (La, Sr)„+1Mn„03„ + 1. In this system the double 
sheet, n = 2 compound La1,2Sr1,8Mn207, has been found to 
be a ferromagnetic metal below Tc= 120 K with large MR. It 
shows an unconventional magnetic response at temperatures 
well above Tc, and the transport properties are highly aniso- 
tropic. 

There are different models which try to explain the 
transport properties of these manganites in terms of magnetic 
polarons, Zener double exchange, and Jahn-Teller 
distortions5 of the lattice. In the double exchange mechanism 
there is a simultaneous transfer of an electron from Mn3+ to 
O2 and from O2- to Mn4+. In this mechanism, the travelling 
electrons tend to retain their spin orientation. If the orienta- 
tion of the magnetic moments of the Mn3+ and Mn4+ ions is 
the same, there is an enhanced hopping probability. Hence 
any intrinsic alignment of the spins (e.g., onset of ferromag- 
netic order) or extrinsic alignment (e.g., application of an 
external magnetic field) could cause an increase in the con- 
ductivity. It has been also argued that the strength of the 
magnetic exchange interaction depends on the lattice distor- 
tions, (for example.in perovskite-type structure with ortho- 
rhombic distortions resulting from cooperative Jahn-Teller 
effect). A phase transition from a structurally distorted para- 
magnetic lattice with hopping-type conductivity to a ferro- 
magnetic state will be accompanied by a dramatic reduction 

^Electronic mail: rps@squid.umd.edu 

in resistivity. However the magnitude of the observed effect 
cannot be totally accounted for by this picture. 

The present investigations are performed on single crys- 
tals of the layered perovskite, double sheet, Laj 2Srj 8Mn207 

crystals described above. Main stress is laid on the role of 
static and dynamic structural variations in this material. In 
order to remove any ambiguity, both the magnetization and 
ion channeling experiments have been made on the same 
specimen. 

The ion channeling technique, which provides a direct 
real space probe of small atomic displacements from their 
regular lattice sites, even smaller than 1 picometer, is used to 
investigate the static and/or dynamic incoherent distortions 
in the above material. Ion channeling occurs when energetic 
ions, incident along a major crystallographic direction, are 
steered by the atomic rows and planes of a single crystal, 
through a series of correlated, gentle, small angle collisions.6 

This phenomena causes one to two orders of magnitude re- 
duction in a small impact parameter event such as Rutherford 
back scattering (RBS). The full width at half maximum 
(FWHM) of the channeling angular scan is directly related to 
any displacements (dynamic or static) of the atoms from 
their regular lattice sites. It is important to note that neutron 
and x-ray diffraction are relatively insensitive to local uncor- 
related atomic displacements in the sample due to the fact 
that the diffraction data are analyzed within the constraints of 
a particular model based on the symmetry of the crystal 
space group. Random displacements from the ideal atom po- 
sitions, whether static or thermal, contribute only to diffuse 
scattering, which is not included in the model. 

The (100) crystals of Laj 2Sr] 8Mn207 were melt grown 
in a flowing mixture of 20% 02 and Ar as described 
elsewhere.7 These crystals were of dimensions —5 mmX4 
mm and thickness about 1 mm. Both magnetization and 
channeling measurements were made on the same crystal and 
three sets of data were collected using three separate crystals. 
In these crystals the value of the resistivity pab at 300 K was 
found to be 120 mil cm which rose to about 3500 mil cm at 
T-133 K, then dropped to -60 mfl cm at 108 K. 

The dc magnetization measurements were carried out us- 
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FIG. 1. The magnetization m plotted as a function of temperature in 100 and 
3000 Oe. The inset shows the low field measurement in an expanded scale 
to bring out small changes in magnetization. 

ing a quantum design superconducting quantum interference 
device (SQUID) magnetometer both in a low field (100 Oe) 
and a high field (3 kOe). A transition to the ferromagnetic 
state was seen around 120 K which is in agreement with 
earlier measurements.4 In addition, a gradual rise in the mag- 
netic moment is seen in the low field measurements (Fig. 1 
inset) as the sample temperature is decreased from 300 to 
120 K. The 77 K magnetic isotherms (Fig. 2) were measured 
with the field directions along a, b, and c, respectively, as 
defined in Fig. 2 (a>b>c). Saturation was reached at 
~ 300 Oe when the magnetic field was along a and at about 
800 Oe when it was along b as expected when considering 
static demagnetizing fields. The saturation value for 
47rM(77 K) is 4.4 kOe and is in good agreement with Ref. 
4. However, when the field is along c, the magnetization 
does not saturate until //~20 kOe. This is an indication of a 
large magnetocrystalline anisotropy with the hard axis along 
the c direction. Thus, the ab plane is the easy plane, as also 
indicated by Moritomo et al.4 

The 140 K isotherms (Fig. 3) can be analyzed to provide 
evidence of a small ferromagnetic contribution. The high 
field magnetization gives a nonzero intercept at H = 0, and 
the out-of-plane anisotropy is nonzero. There are no in plane 
shape effects; the hysteresis loops almost coincide when the 
magnetic field is applied along the a and b directions. For H 
applied along c, demagnetization and possible magnetocrys- 
talline effects are seen. The 140 K measurements suggest 
that the geometry of the ferromagnetic regions is layered 
(thickness/area is very small) and that they lie in the ab 

H (kOe) 

FIG. 2. The magnetization m vs H at 77 K with the magnetic field applied 
in the a, b, and c directions, respectively. The inset shows the data for a 
larger H scale in the c direction to indicate saturation of m. 
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FIG. 3. The magnetization m vs H at (a) 140, (b) 300, and 350 K. In (a) 
magnetic field is applied along a(O), along &(•), and c(x) directions. In (b) 
the field is applied along b direction. 

plane. Even at 300 K the "ferromagnetic" response persists 
(Fig. 3), though with decreased magnitude. All signs of fer- 
romagnetic response disappear at 350 K and only the para- 
magnetic response remains (Fig. 3), consistent with the T 
dependence shown in Fig. 1. 

Ion channeling measurements have been carried out us- 
ing a very well collimated beam (0.5 mm diameter and 
<0.01° divergence) of 1.5 MeV He ions obtained from a 1.7 
MeV tandem pelletron accelerator. The sample was mounted 
with a thermally conducting paste on a precision four-axis 
goniometer having an angular resolution of 0.01°. The target 
holder was thermally insulated from the goniometer and 
could be cooled down to 35 K by a closed cycle refrigeration 
system. The effective pressure of condensible gases was re- 
duced to a negligible level at the target surface by cryogenic 
shielding. The sample temperature was varied by a small 25 
W heater, and could be maintained within ± 2 K at any de- 
sired temperature between 40 and 400 K. 

The 1.5 MeV He+ beam was incident on the sample and 
the backscattered particles were detected in an annular sur- 
face barrier detector of 300 mm2 active area with a 4-tnm- 
diam central hole and mounted along the beam axis at a 
distance of 7 cm from the target. This arrangement gave RBS 
signals with good statistics at a nominal dose of incident He 
ions, thus minimizing the radiation damage effects. The 
channeling angular scans were made about the [001] axis of 
the crystal with the RBS gate which included the signals 
from La, Sr, and Mn. A minimum RBS yield of about 2% in 
these scans demonstrated a very high quality single crystal. 

The FWHM of the channeling angular scans measured at 
different temperatures showed a clear enhanced variation of 
~ 12% in FWHM in the region of Tc (70-150 K) and a few 
smaller variations in the wide region 150-320 K. Similar 
measurements were made on three specimens and a standard 
deviation of <1% was determined. The larger change is 
seen a little below Tc i.e., in the region of 90 K. 

The FWHM of the channeling angular scans is directly 
related to small atomic displacements (static or dynamic), 
from their regular lattice sites, normal to the channeling di- 
rection. We extract the magnitude of the atomic displace- 
ment u, from the measured FWHM using the continuum 
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FIG. 4. The atomic displacement u as obtained from the measured FWHM 
of the channeling angular scans (•) and the calculated value of u (□) for 
normal thermal behavior vs T (30-160 K) in La] 2Sr; 8Mn207 crystals. 

model6 for channeling, with corrections based upon the 
Monte Carlo computer simulation of Barrett7 and using av- 
erage atomic numbers and lattice spacings. The results are 
shown in Figs. 4 and 5 as closed circles. 

The decrease in thermal vibrational amplitude as a func- 
tion of temperature is shown by the calculated values using 
the Debye relation in Figs. 4 and 5 (open squares). The mea- 
sured variation in u is much larger than the expected thermal 
behavior. Between 70 and 150 K the total change was —1.5 
picometer, two times larger than the thermal change. This 
increase was not due to any abrupt change in thermal vibra- 
tions, but appears to be related to structural distortions (dy- 
namic and/or static incoherent) in the specimen in the region 
of the transition to the ferromagnetic state. 

There are a few smaller anomalies spread in the region 
120-320 K. The change due to thermal vibrations in this 
region are of the order of 0.3 to 0.4 picometers. The devia- 
tion from normal thermal behavior is clearly seen and seems 
to be related with the para to ferromagnetic phase transition 
in certain regions in the material as indicated by low field 
magnetization measurements. It is clear that there are dy- 
namic and/or static-incoherent structural changes associated 
with the phase transitions in the material. 

As shown above, the L^ 2Sr! gMn207 system is a com- 
plex inhomogeneous system, in which below 120 K, ferro- 
magnetism dominates. Earlier in the spin resonance studies8 

a multiline spectrum is seen at 115 K, which merges into a 
broad line below 80 K, indicating the possibility of different 
spin networks, i.e., a nonuniform ferromagnetic behavior. A 

200 250 300 

Temperature(°K) 

FIG. 5. Same as Fig. 4, but in the temperature region 150-360 K. 

large MR is also seen in this region. In ion channeling, the 
maximum variation in the atomic displacement u is also 
spread in the region of 150-70 K. The transport properties, 
could be due to the double exchange mechanism and forma- 
tion of polarons5 driven by Jahn-Teller distortion of the 
Mn06 octahedra. Such distortions in terms of elongation 
along c and contraction in a axis in the region of 120 K are 
seen by neutron diffraction.9 This static change in a and c 
axes will not appreciably affect the FWHM of the channeling 
angular scans. Thus, there seems to be dynamic incoherent 
fluctuations in these octahedra, spread in the region 150-70 
K before a long range magnetic order is reached, as seen by 
ion channeling (Fig. 4). 

The small magnetic moment and corresponding transi- 
tions in the region 120-320 K could also arise from ferro- 
magnetic intergrowths of Laj ^S^ 8Mn207 (LSMO) layers 
with different Sr/La concentration and a distribution of Tc. 
Although the ion channeling data cannot rule out the possible 
role of intergrowths, the magnitude of observed large varia- 
tion in u between 150 and 320 K (Fig. 5) cannot be fully 
explained by such an intergrowth model. The channeling re- 
sults represent the observed structural change from a thick- 
ness of ~ 3000 Ä in the near surface region of the sample 
and ~2 intergrowths, each covering —10Ä in this depth 
(seen in TEM). Thus it is unlikely that the intergrowths will 
affect the channeling to a measurable extent. It is possible 
that small locally correlated ferromagnetic (FM) spin net- 
works, aligned parallel to the a b plane do exist in the system 
even at 300 K. In this double sheet material where every two 
magnetic layers (two dimensional networks of Mn06 octahe- 
dra) are separated by an insulating layer, there seems to be 
two dimensional spin correlation. As the temperature is low- 
ered below 300 K, the magnetic order increases slowly and 
incoherently (Fig. 1 inset). The existence of correlation be- 
tween channeling anomalies and the magnetic behavior from 
120 to 320 K could be intrinsic in origin. The possibility of 
two-dimensional magnetic order has been suggested by Pot- 
ter et al.10 and the existence of antiferromagnetic clusters 
along with the ferromagnetic fluctuations is reported by Per- 
ring et al}1 in the temperature region above 120 K in this 
material. The presence of antiferromagnetic clusters seems 
consistent with the above behavior. It hinders long range 
order in the c direction, thus supporting two-dimensional 
magnetic order. Below 120 K the fluctuations are much 
larger and are spread in a wider region since the whole sys- 
tem is passing through a nonuniform ferromagnetic state at 
the phase transition. 

This work is supported by NSF MRSEC Grant No. 
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Density functional calculations are used to investigate the relationships among lattice distortions, 
magnetic ordering, and electronic properties in manganite perovskites. Distortions open narrow 
pseudogaps at the middle of the majority eg manifold. The effect on transport is very dependent on 
doping and falls off as divalent ions replace La in LaMn03. Distortions in the ferromagnetic ordered 
colossal magnetoresistance regime are weakly coupled to electronic properties relative to pure 
LaMn03.   © 1998 American Institute of Physics. [S0021-8979(98)32111-8] 

Understanding collosal magnetoresistance (CMR) in 
manganites depends on elucidating the metal-insulator tran- 
sition at the Curie temperature, Tc. As noted early on,1"3 

there are strong couplings among doping level, lattice distor- 
tions, magnetic order and electronic properties. LaMn03 oc- 
curs in distorted Pnma orthorhombic or similar structures1,4 

and is an A-type antiferromagnetic (AFM) insulator. The dis- 
tortions, relative to cubic, are rotations of octahedra and 
Jahn-Teller (JT) effects that change Mn-O bond lengths 
(from 1.97 to 1.91, 1.96, and 2.18 A). We use the term JT 
loosely for the nonrotational component. They are under- 
stood qualitatively via ion size and electron counting: La3+ 

and Mn3+ ionic radii yield a large misfit parameter, V2(R0 

+ /?Mn)/(/?o+-^La)' favoring rotations, while the high spin 
Mn3+ ion has a half occupied majority spin eg orbital favor- 
ing JT distortions. Doping LaMn03 by substituting La3+ 

with divalent ions, the order becomes FM, lattice distortions 
are more purely rotational1'5'6 and CMR occurs. Several ex- 
perimental and theoretical studies have suggested that lattice 
effects may be needed to understand CMR5"10 but, while 
clearly there are lattice anomalies at Tc, the extent of their 
direct influence on transport is still not established. Further, a 
CMR like effect has been discovered in a pyrochlore, 
Tl2Mn207 that has neither lattice distortions nor nonintegral 
valence needed for a double exchange picture.11"13 

Local spin density approximation (LSDA) studies have 
been reported for the end-point compounds and some alloy 
compositions.14-20 Besides verifying that known properties 
are reproduced, they have elucidated the electronic and mag- 
netic structure. Well hybridized bands derived from majority 
spin Mn eg states and O p states dominate the electronic 
structure near the Fermi energy, EF in the metallic FM ma- 
terials, while the minority spin channel is effectively insulat- 
ing leading to half metallic properties.20 This combined with 
the local moment behavior may be compatible with high 
resistivities in the spin disordered state above Tc even before 
consideration of lattice effects. The calculations also show 
strong couplings between lattice distortions, magnetic order 
and electronic properties at least in undoped LaMn03. In 
particular, it is found that without lattice distortions LaMn03 

would have a FM metallic ground state, and even if forced to 
be AFM, it would still be metallic.18 With the lattice distor- 

tion, the ground state becomes A-type AFM, and is found 
insulating in agreement with experiment. The present article 
reports further calculations aimed at better understanding the 
role of lattice distortions in the CMR alloys Laj _A.DJ.Mn03 

near x= 1/3. 
We used the linearized augmented planewave (LAPW) 

method21 as in our previous work.18 Calculations were done 
for 20 atom Pnma and 5 atom perovskite cells with well 
converged basis sets and zone samplings. Lattice parameters 
were fixed in relaxations since effects of homogeneous 
strains produced by anomalies measured at Tc

s'9 will be 
small compared to the bond length and angle changes due to 
JT and rotational distortions. Pnma symmetry was enforced, 
so that lower symmetry structures cannot occur. 

Undistorted AFM LaMn03 is unstable against distortion, 
and this changes the electronic structure from metallic to 
insulating. This distortion has both a strong JT component 
and a rotation that changes the Mn-O-Mn bond angles from 
180° to «160°. However, the CMR compositions are FM, 
and the question of the extent to which lattice distortion af- 
fects the electronic properties remains. A structural relax- 
ation was performed for FM LaMn03 within the Pnma unit 
cell. The x= 1/3 composition range was studied with virtual 
crystal approximation calculations for La2/3Ba1/3Mn03. 
These were for a structure approximating that of 
Lag 65Ca0 35Mn03 as determined by Dai et al.5 This had 
pseudocubic lattice parameters corresponding to the volume 
measured by Dai et al.5 and an average A-site cation charge 

Zvc=56f. The calculated electronic structure near and be- 
low EF, should be representative of Sr or Ca substitution of 
La as well, since these are isovalent with Ba and the A-site 
cations are fully ionized. However, since Ba2+ ions are con- 
siderably larger than Ca2+, the lattice will be under compres- 
sive strain which may alter the magnitude of lattice distor- 
tions in relaxations. The virtual crystal approach allows self- 
consistent treatment of the change in charge density and 
carrier density. Scattering due to the random occupation of 
the A site is not included. This has little effect on the broad 
bands characteristic of the FM majority spin channel, but 
localizes the minority spin carriers.20 The relationship of vir- 
tual crystal and supercell calculations and reliability is dis- 
cussed elsewhere.20 Here we find that lattice distortions bring 
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TABLE I. Relaxed structure of FM Pnma LaMn03. The pseudocubic lattice 
parameter is 3.936 Ä. 

La 0.535 0.250 0.007 
Mn 0.000 0.000 0.000 
01 0.013 0.750 0.071 
02 0.283 0.038 0.219 

the minority spin band edge closer to EF, further increasing 
the tendency towards minority spin localization, and as such 
transport is discussed in terms of the majority spin carriers 
only. 

Relaxing Pnma FM LaMn03 a large rotational instability 
is found with final Mn-O-Mn bond angles of 165°, but the 
structure, as given in Table I, has almost no JT component. 
The Mn-0 distances are all between 2.00, and 2.01 Ä. The 
JT distortion occurs for AFM but not for FM order! This is 
another indication of large magnetostructural coupling in 
LaMn03; other evidence is the quite different crystal struc- 
tures of FM and AFM modifications of LaMn03,

4 the fact 
that magnetic order changes from FM to A-type AFM as the 
lattice is distorted,18 and that the structure changes from 
strongly orthorhombic in LaMn03 to more nearly cubic 
around the AFM to FM transition when doped with divalent 
A-site cations.1 

The electronic density of states (DOS) of undistorted 
cubic FM LaMn03 is shown in Fig. 1. The spin magnetiza- 
tion is 3.61 /xB per formula unit. The majority spin and mi- 
nority spin DOS at EF, N(EF) are comparable, and conduc- 
tion in both spin channels is expected. Since we are 
interested in the CMR materials, where the minority carriers 
are localized, we focus on the majority channel. Calculations 
in the perovskite structure yield N^(EF) = 0.45 eV""1 and ma- 
jority spin Fermi velocity, i;F^ = 4.2Xl07 cm/s. In Fig. 2, 
we show the DOS of FM LaMn03 in the relaxed structure. 
New gaps are opened between the hybridized t2g and eg 

manifolds in both the majority and minority channels, re- 
flecting band narrowing due to less favorable hopping when 
the Mn-O-Mn bonds are bent. The distortion empties the 
minority states and thereby increases the magnetization to 
4.00 fjbB and lowers the energy by 0.24 eV, both on a per 
formula unit basis. Besides making FM LaMn03 essentially 

FIG. 1. DOS of FM LaMn03 in the cubic perovskite structure. Majority 
spin is shown as positive and minority spin as negative. EF=0. 

FIG. 2. DOS of FM LaMn03 in the relaxed Pnma structure. The dotted line 
is the O contribution as defined by the weight inside the O LAPW spheres. 
The DOS is on a per formula unit. 

half metallic, the distortion strongly reduces the majority 
spin conductivity. N^(EF) becomes 0.21 eV-1, while vF^x 

= 2.2X107 cm/s (although the symmetry is orthorhombic 
there is very little anisotropy in vF^). If changes in scattering 
rate due to the distortion are neglected, as may be reasonable, 
an eightfold reduction in majority spin conductivity, a due to 
the lattice distortion results within kinetic transport theory, 
where o-^N(EF)vF. This strong suppression of the conduc- 
tivity with the lattice distortion is due to a pseudogap that 
opens in the majority channel at EF. This occurs at the cen- 
ter of the roughly 3 eV wide eg (hybridized with O pa) 
derived manifold. 

The DOS for virtual crystal (La2/3Ba1/3)Mn03 with the 
undistorted cubic perovskite structure shows near half metal- 
lic behavior with a smooth featureless majority spin compo- 
nent around EF. The spin magnetization is 3.40 fiB, with 
majority spin N^(EF) = 0.53 eV-1 and vF^x = A2 
X 107 cm/s. These values are similar to those obtained for 
perovskite structure FM LaMn03. 

Dai et al.5 reported neutron refinements of lattice param- 
eters and some bond lengths and angles for FM Pnma 
Lao 65Ca0 35Mn03 

at 300 and 40 K. The lattice parameters are 
very nearly pseudocubic (to about 0.2%), and the Mn-0 
bond lengths are all equal (to within 0.004 Ä) showing a 
rotational component but no JT component to the distortion. 
The Mn-O-Mn bond angles are 160°±1°. We performed 
virtual crystal calculations using a Pnma structure derived 
from this one by making all bond lengths and Mn-O-Mn 
bond angles equal. The DOS is shown in Fig. 3. As in FM 
LaMn03 the distortion brings the minority spin band edge 
closer to EF. The spin magnetization increases to 3.56 fiB. 
Like undoped LaMn03, a pseudogap opens at the center of 
the majority spin eg manifold. At x=l/3, the majority eg 

manifold is far from half full, so the pseudogap is not near 
EF. Rather, N^(EF) = 0.68 eV-1: somewhat larger than for 
the cubic structure. The velocity, vF^x=3AX 107 cm/s, is 
nearly isotropic and is reduced relative to cubic. The net 
result is that the distorted structure has a value N^(EF)vF^x 

that is reduced to 70% of the undistorted value, showing a 
relatively small effect from lattice distortions on the conduc- 
tivity, particularly considering the large distortion that oc- 
curs. Thus there are couplings of lattice distortions and mag- 
netic order to electronic properties in CMR alloys near 
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FIG. 3. DOS of virtual crystal (La2/3Ba|/3)Mn03. in the Pnma structure. 
Note the shift of the Fermi level in the majority bands compared to Fig. 2. 

x = \/3, but these are weak, compared to those in pure 
LaMn03. This is due to the narrowness of the eg pseudogap 
that opens as the octahedra rotate in these materials. The 
calculations address the effects of static lattice distortions in 
fully ordered FM phases. They imply that the electron lattice 
coupling decreases strongly as LaMn03 is hole doped, a 
trend that is consistent with the high conductivities observed 
in some samples at low temperature. On the other hand, they 
do not address the metal insulator transition at Tc, which 
occurs simultaneously with a change in magnetic order. Ob- 
servations of anomalies in Debye-Waller factors and lattice 
parameters near Tc imply significant coupling to the lattice. 
It has been observed by several authors that the properties 
above Tc are consistent with a polaronic state with strong 
charge carrier lattice interactions. Combined with the present 
results it would seem then that electron lattice interactions 
are stronger in the spin disordered paramagnetic state than 
the FM state. Previous calculations have shown that these 
local moment alloys are effectively half metallic when or- 
dered and it is conjectured that this character persists locally 
for disordered states (strong Hund's rule). Carriers on Mn 
ions with moments rotated with respect to neighbors will be 
substantially localized and thus less strongly hybridized with 
O, as hopping is suppressed. These carriers occupy the JT 
active e„ orbital. This could lead to a local JT distortion, 

providing a mechanism for strongly enhanced electron lattice 
interaction as spin disorder increases. This picture, related to 
that of Millis and co-workers,7 is consistent with a good 
metallic ground state, rapid onset of resistivity at Tc and a 
highly resistive paramagnetic state. 

This work is supported by ONR and DoD HPCMO fa- 
cilities at NAVO and ASC. 
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Oxygen isotope effect in manganites (cuprates) is caused by the dynamic Jahn-Teller effect on the 
bridging oxygen ion (e.g., the ion between Mn3+ and Mn4+ in manganites). This effect leads also 
to the vibronic reduction and effective decrease of the ferromagnetic transition temperature. 
© 1998 American Institute of Physics. [S0021-8979(98)32211-2] 

I. INTRODUCTION 

The oxides, cuprates, and manganites have attracted a lot 
of attention. The cuprates display a remarkable property, 
high-temperature superconductivity,1 whereas the mangan- 
ites are characterized by a number of unusual properties, 
inducing a very large magnetoresistance in the vicinity of the 
ferromagnetic transition.2"6 Needless to say that it is of defi- 
nite interest to carry out the comparison of these two classes 
of materials. The nonadiabatic isotope effect in the cuprates 
was described by us in Ref. 7. As is shown in this article, one 
can also explain a large oxygen isotope effect observed in 
Ref. 5. It turns out that a similar scenario based on the dy- 
namic Jahn-Teller (JT) effect determines the dependence of 
the transition temperature on oxygen substitution (O16—>018) 
for the manganites. As is known, the transition to the ferro- 
magnetic state (at T= Tc) has been described by the double 
exchange picture.8"10 

Both types of oxydes have a similar structure. In both 
cases the doping plays a key role. In addition, one can ob- 
serve the oxygen isotope effect. The isotope coefficient is 
very large for manganites, although it is not small in the 
underdoped cuprates. 

Cuprates as well as manganites contain the Jahn-Teller 
(JT) ions, e.g., Cu++, Mn+ ++. This common feature is very 
important and, along with hybrydization with oxygen Orbit- 
als, leads to unusual, non-adiabatic dynamics for the oxygen 
motion. For both systems one can observe a double-well 
structure of the potential. Below we are going to focus on 
this property of the materials. 

II. MANGANESE OXIDES 

Oxygen isotope substitution (O16—>018) leads to a large 
effect on Tc. According to Ref. 5, the isotope coefficient 
a(Tc*M~a) is equal to 0.85 for Lao.8Cao.2Mn03+), and 0.70 
for Lao9CaoiMn03+),. In addition, the band structure 
analysis6'11 leads to a Tc about 2000 K which greatly exceeds 
the experimental value which is about of order of magnitude 
less (s 200 K). 

These phenomena can be understood as a manifestation 
of the dynamic Jahn-Teller (JT) effect for oxygen. The key 
ingredient of our analysis is that the oxygen position is char- 
acterized by two close minima (double-well structure). This 
structure drastically affects the oxygen dynamics and is 

caused by proximity to the crossing of two electronic terms 
(JT degeneracy). The JT splitting of the Mn ions, along with 
the manganese d-oxygen p hybridization3 leads to the JT 
behavior of the Mn-O-Mn unit. We focus on the vibrational 
motion of the oxygen ion which is the lightest member of the 
unit. Such a dynamic picture (two close minima) has been 
recently observed by a novel ion channeling technique in 
Ref. 12. 

Our goal is to describe the charge transfer between two 
Mn ions; it is very important to take into consideration the 
peculiar oxygen dynamics. In this case the charge transfer is 
accompanied by transition between two electronic terms. It is 
very convenient to employ the method based on the diabatic 
representation (see, e.g., Ref. 13). 

Because of the JT crossing, the total wave function 
ip (r,R) (r and R are the electronic and nuclear coordinates, 
correspondingly) can be written in the form: 

^(r,R) = Ca<Pa(r,R)<£a(R) + C^(r,R)<^(R). (1) 

Here <p; and <£,- (i= a, ß) are the electronic and nuclear wave 
functions, corresponding to the a and ß terms. Therefore, the 
total wave function is a superposition of two configurations 
a and ß: a) A+O^A, ß) A-0/8A

+. In our case A=Mn3+, 
A+=Mn4+, Oaiß) is located near the left (right) minimum. In 
the diabatic representation the wave function "Va= <pa(f>a co- 
incides with the eigenfunction of the total electronic Hamil- 
tonian He = Tr+V(r,R) in the region a and it is not an 
eigenfunction of He in the region ß; analogous behavior is 
true for i//ß (cf. Refs. 13 and 14; Tr is the electronic kinetic 
energy operator, V is the total potential energy). Substituting 
Eq. (1) into the stationary Schrödinger equation, one can 
evaluate the energy splitting AE between the symmetric and 
asymmetric terms. After a long, but straightforward calcula- 
tion we obtain: AE = fL(R)<f>a(R)<f>ß(R)dR; here L(R) 
= f(pa*(r,R)He<pß(r,R)dr is the electronic factor. It is im- 
portant to stress that this factor is an off-diagonal matrix 
element which is finite in the diabatic representation.13 

The integrand in this factor differs from zero in the re- 
gion a, a is the amplitude of the vibrations. The electronic 
factor has a scale /, / is the length of the bond. Since l>a, 
one can put L(R)=L0=L(R0) (RQ corresponds to the frozen 
lattice). We obtain: &E=L0F, where L0 is the electronic 
factor, and 
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F= j <f>a(R)<f,p(R)dR (2) 

is the Franck-Condon (FC) factor. It is essential that one can 
factorize the splitting into the electronic and FC terms. 

The energy splitting corresponds to the time t for the 
jump between two Mn ions (see Ref. 8), that is to the period 
of oscillations between the configurations. Therefore, the 
splitting determines the critical temperature of the ferromag- 
netic ordering (Tc^t~\ see Refs. 8, 11, 15), so that Tc 

«A£. The electronic factor L [see Eqs. (2) and (3)] deter- 
mines Tc for the usual double exchange model (see, e.g., 
Ref. 8). One can see that the JT dynamic instability of the O 
ion leads to an appearance of the additional FC factor. The 
inequality, F< 1, leads to a decrease in the value of Tc rela- 
tive to the conventional result. Qualitatively, the charge 
transfer for the extra electron can be visualized as a multistep 
process; first the electron makes a transition from the Mn4+ 

site to the oxygen, then the oxygen transfers to another term, 
and this is finally followed by the transition of the electron to 
the other Mn ion. Therefore, the charge transfer contains an 
important additional step, namely, the oxygen transition be- 
tween two terms. This additional step caused by the JT ef- 
fect, leads to a drastic increase in the characteristic time for 
the jump between two Mn ions, and thus to a decrease in the 
strength of the ferromagnetic coupling, and, consequently, 
Tc. It is important, that the presence of the FC factor leads to 
the oxygen isotope effect (see below). 

In order to estimate the FC factor, we are using har- 
monic oscillator wave functions. The factor is affected by the 
shift Ap between the equilibrium positions. For simplicity, 
we consider a one-dimensional model. Simple calculation 
leads to the expression: F = exp(—K

1
); /c=(Ap/2a), where 

a2 = {hlmCl) is the amplitude of vibration. If we take the 
value K= 1.25-1.5 (this is consistent with the data12), we 
obtain F=0.18-0.2. If L=0.2 (which alone would predict a 
Tc0 between 1000 to 2000 K for La-Ca-Mn-O) (see Refs. 6 
and 11), we obtain the value rcs200-400 K, in an agree- 
ment with the experimental values. Note that the importance 
of the FC factor for the shift in the electronic excitation 
spectra for the intermediate valence systems was stressed in 
Ref. 16. 

Let us now discuss the isotopic dependence observed in 
Ref. 5. This dependence is a direct consequence of the ap- 
pearance of the FC factor [see Eq. (2)]. Indeed, this factor 
contains the nuclear wave functions and, therefore, depends 
on the nuclear mass M. The value of the isotope coefficient 
appears to be in good agreement with the data.5 Indeed, the 
isotope coefficient a{Tc<x-M~a) is equal to — (Af/AM) 
X(A7C/TC), where AM = M-M* (we make the isotope 
substitution M—>Af *). Since TC<*AE=L0F (see above), we 
obtain a= -(M/AM)(AF/F). Based on the expression for 
the FC factor (see above), we obtain a = 0.5/c2. Using the 
value K= 1.25-1.5 for LaCaMnO (see above), we obtain the 
values in the range of 0.8-1.1, in an agreement with the 
value obtained in Ref. 5. Note that the values of K and a 
depend on the sample and its preparation. 

A more detailed quantitative evaluation using normal 
modes for the lattice configuration will be described else- 

where. In this article, we describe the underlying physics and 
present the analysis that demonstrates that our model is in 
agreement with experimental data. 

III. HIGH Tc OXIDES 

Let us discuss the isotope effect in the cuprates. This 
problem was described by us in Ref. 7. As is known, the 
small value of the isotope coefficient a was considered as an 
argument against the phonon contribution to the pairing. 
However, it turns out that a strongly depends on the carrier 
concentration n and might exceed the BCS value a = 0.5 
(see, e.g., Refs. 17-19). It has been established that the mini- 
mum value of a corresponds to Tc=Tcm.M. 

The oxygen dynamics in cuprates is also affected by 
presence of two minima. This has been observed in Ref. 12 
by ion channeling and in Ref. 20 by x-ray (XANEX) mea- 
surements. 

In order to describe the isotope effect in the cuprates, 
one can employ a method similar to that for the manganites. 
In accord with this, we are using the diabatic representation. 
In this case we focus on the charge redistribution between 
the reservoir (chains) and the CuO planes. Such redistribu- 
tion requires an asymmetric positions of the minima (such a 
requirement is not needed for the manganites). In order to 
evaluate the carrier concentration, it is more convenient to 
use the quantum transition theory, that is to use a time- 
dependent picture. As in the case of manganites, the presence 
of the Franck-Condon factor is a key ingredient of our 
analysis. Its value strongly depends on the ionic mass and, 
therefore is affected by the isotope substitution. We obtain 
the following expression for the isotope coefficient (see Ref. 
7): 

7 Tr dn ' (3) 

where y is a constant. Expression (3) allows us to compare 
directly with experimental data. Equation (3) contains the 
derivative dTcldn. Since Tc has a maximum at some value 
n = nmax, the isotope coefficient a2 is equal to zero if Tc 

= Tr     (the small value of a actually observed is due to a c max J 

small contribution from ax). Therefore, the maximum value 
of Tc corresponds to a minimum in isotope coefficient. 

Note that the dependence n(M) is manifested not only in 
the isotopic dependence of the critical temperature. One can 
observe the isotope effect for the penetration depth,21 trans- 
port coefficients, etc., since they are affected by the value of 
the carrier concentration. 

The cuprates contain different oxygen ions. If we are 
dealing with oxygen depletion from the chains, then the 
charge transfer is affected by nonadiabaticity of the apical 
oxygen. If we study the Pr substitution, then the charge 
transfer between the Pr ion and the CuO plane is modified by 
the JT dynamics of the in-plane oxygen (see Ref. 22). 

IV. CONCLUSION 

The isotopic dependence of the critical temperature for 
the transition to the superconducting (ferromagnetic) state is 
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caused by a nonadiabatic behavior of the oxygen ions. Oxy- 
gen dynamics for both types of oxides is characterized by 
presence of two close minima; their presence was observed 
experimentally in Refs. 12 and 20. The appearance of such 
double-well structure is due to the crossing of the electronic 
terms; this factor drastically affects the charge transfer, 
which is a key ingredient underlying many properties of the 
materials. 

It is important to note that the double-well structure for 
the oxygen corresponds an unusual anharmonic picture. In- 
deed, according to such a picture the electronic and nuclear 
degrees of freedom are separated, but the potential for the 
nuclear motion is not harmonic. In our case we are dealing 
with a nonseparability of the motions, and the minima cor- 
respond to different terms. 

It is essential to stress the difference between the nature 
of the phase transitions and isotopic dependencies for these 
two types of oxides. In both cases we are dealing with a 
dynamic Jahn-Teller instability of the oxygen ion. As for the 
superconducting transition in the cuprates, it is caused by a 
pairing interaction in the Cu-0 plane, and the JT instability 
affects the doping level, that is, the carrier concentration in 
the plane n. The dependence n{M) affects the value of the 
critical temperature. In the manganites the phase transition 
into the ferromagnetic state is due to the motion of the extra 
electron between Mn ions, and the JT dynamics of the O ion 
significantly affects the time scale, and therefore, the result- 
ing value of Tc. 
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We study the competition between ferromagnetic double exchange (DE) and direct nearest-neighbor 
antiferromagnetic exchange 7AF in two-dimensional colossal magnetoresistance materials. Towards 
this end, a single site mean field theory is proposed which incorporates the hopping-mediated nature 
of the DE contribution. The canted state appears only under highly restricted conditions. Instead, in 
the regime where the antiferromagnetic and DE ferromagnetic interactions are of comparable scale 
(and in the classical limit), the system exhibits ferro- or antiferromagnetic order with incomplete 
saturation of the lattice or sublattice magnetization. We interpret these results as an indication that 
spin fluctuations remain strong even at low temperatures and discuss the associated experimental 
implications.   © 1998 American Institute of Physics. [S0021-8979(98)45611-l] 

The colossal magnetoresistance (CMR) manganese ox- 
ides have received considerable attention recently both theo- 
retically and experimentally.1 In the CMR regime, these ma- 
terials exhibit ferrömagnetism which is generally believed to 
result from a conduction electron-mediated double exchange 
(DE) mechanism.2 There is, in addition, considerable 
evidence3'4 for antiferromagnetic exchange interactions of 
comparable scale, resulting from a superexchange mecha- 
nism. Thus, a full understanding of the magnetic order in the 
CMR materials requires a treatment of the competition be- 
tween ferro- and antiferromagnetic interactions. The aim of 
the present article is to address this competition and by doing 
so, revisit earlier claims in the literature5 which suggest that 
spin canting may be the most natural means of accommodat- 
ing these two opposing exchange interactions. Here in view 
of the considerable interest in the layered systems 
SrO(La1_A.Sr^Mn03)2, we consider the two dimensional 
CMR compounds. 

Our theoretical approach is based on a single site mean 
field theory which emphasizes the hopping-mediated nature 
of the DE contribution. In this way, we are led to consider 
the problem of off-diagonal (i.e., hopping) disorder associ- 
ated with a single impurity atom in an otherwise uniform 
host material. This is to be contrasted with alternative ap- 
proaches in the literature5'6 which implicitly introduce an ex- 
change interaction to represent these DE effects. Our starting 
point is the standard Hamiltonian5'7 derived for the case of 
infinite Hund's rule coupling: 

^=-y2   cos ^(c?c; + cJc,)+:£ 2 
2  (iJ) 2 ' S     (ij) 

S,S i"y 

H 
2 5?-^5) c ■ c ■ (1) 

a)EIectronic mail: golosov@control.uchicago.edu 

Here operator cy- annihilates a fermion on site 7, S,- represents 
a classical core (localized) spin (S>1), JAV is the nearest- 
neighbor antiferromagnetic exchange integral, //-external 
field, /^.-chemical potential. Throughout this article, we use 
units in which the bare hopping t0, h, KB, fiB, and the 
lattice period are all equal to unity. In the first term of Eq. 
(1), we have omitted Berry phase effects which are insignifi- 
cant for a single-site mean field treatment. 

The Hamiltonian of Eq. (1) represents, at 7>0, a highly 
disordered electronic hopping problem, deriving from the 
random distribution of localized spins. In our mean field ap- 
proach we focus on a central site characterized by hopping b 
to the surrounding sites. This site is embedded in a medium 
with average hopping t. These hopping matrix elements are 
the counterparts of the central spin and spin background en- 
countered in standard mean field theories of magnetism and 
are associated with appropriate spin configurations. These 
parameters are indicated schematically in Fig. 1. Here r=£l, 
and r#fc.8 To arrive at appropriate self-consistency condi- 
tions for b and t, we compute the change in thermodynami- 
cal potential fl associated with the change in hopping matrix 
elements ?—>&. Because of the locality of the perturbation 
this contribution to Cl can be evaluated exactly.9 For simplic- 
ity, we first present our results in the limit of small pertur- 
bations, \t-b\<t. To leading order in Tit 
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FIG. 1. Single-spin fluctuation in the ferromagnetic phase. The bold arrow 
represents average magnetization, and the dashed lines correspond to the 
hopping amplitude b, which differs from the background hoping value t 
(solid lines). 

anDE(&,r,r)«-2- 
t-b 

/ 
ef(e)v(e)de 

(2) ~2(t-b)\E0\, 

where E0 is the kinetic energy of conduction electrons for 
t=\. 

In the ferromagnetic case, which will be addressed first, 
this change in O is combined with terms arising from the 
superexchange and magnetic field components, so that the 
net contribution is 

Sn,l=8n,DE(b1,t,T) + 4JAP(cos 6n)2-H cos ax.   (3) 

Here, 6U is the angle formed by the spin Sj with a neigh- 
boring spin S2 and al is the angle formed by the fluctuating 
spin St with the direction of average magnetization. We use 
the notation (...)i to represent averaging over the Boltzmann 
probability distribution of spin Sj, w^ exp(-SCly/T). We 
find (cos 6\2i2 = M cos ay, and 

b2y = (cos2(ey2/2))2=(l+M cos ay)/2, 

t2^{b\)y = {\+M2)l2. 

The central mean field equation is given by M = (cos ax)y. 
In the limit of small fluctuations of cos ay around its 

average value M, Eq. (2) can be used to deduce an effective 
exchange interaction for the ferromagnetic phase. For the 2D 
case this exchange constant is given by 

7eff(M) = 7DE(M) + /AF, 
(5) 

Jm(ME)- 
1 

1+M 2> 

Here the DE contribution increases as M decreases, and is 
similar to that which is implicitly contained in alternative 
mean field schemes.6'10 

For moderately strong antiferromagnetic exchange inter- 
actions (\E0\ + 2H<&JAF<V2\E0\ + 2H), 7eff(M) changes 
sign as M varies from 0 to 1. In Fig. 2 we plot the tempera- 
ture dependence of the magnetization for this situation. Here 
the solid line corresponds to the fully self-consistent calcu- 
lation, while the dashed line is obtained using Eq. (5). For 
comparison we plot (dotted line) the behavior obtained for a 
conventional Heisenberg magnet with the same Tc. The lack 

1 
_,,    i       i       i       i      i L 

M 
0.8 ""-.... - 
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FIG. 2. Magnetization vs temperature in the ferromagnetic phase at #=0, 
x = 0A, and 7AF=0.06. The solid, dashed, and dotted lines correspond to the 
2D DE-superexchange magnet, effective exchange approximation, and usual 
Heisenberg ferromagnet (with the same value of Tc), respectively. 

of saturation of the magnetization at low temperatures (in the 
classical limit) is a consequence of the competition between 
ferromagnetic and antiferromagnetic terms. As T decreases, 
the magnitude of single spin fluctuations also decreases. This 
leads to an increase of M, which in turn implies a decrease 
in |/eff| (and thereby a tendency to decrease M). Thus, 
through this self-adjustment of the effective exchange inter- 
action (which never becomes large in comparison with T), 
the magnetization fails to saturate. Rather, the limiting value 
of the zero field, zero temperature magnetization is given by 
M0 = {2[7DE(1)/7AF]2- 1}1/2<1. It can be seen from Fig. 2 
that there are important differences, primarily at low tem- 
peratures, between the full calculation of M and that derived 
from the effective exchange approximation. This reflects the 
inadequacies of Eq. (2). 

It should be noted that stability considerations indicate 
that other spin arrangements (such as the antiferromagnetic 
one) have higher energy at low T than the undersaturated 
ferromagnetic phase. However, the Neel phase is stabilized 
for /AF>2"5/2|£0| in zero neH and> moreover, it always 
exhibits undersaturation of the sublattice magnetization. 

DeGennes5 has argued that competition between DE and 
superexchange will result in spin canting. It should be 
stressed that his calculations were appropriate to a strongly 
anisotropic model (chosen to fit the known magnetic behav- 
ior of the undoped perovskite LaMn03). In this case the 
spins of entire lattice layers are locked together by a ferro- 
magnetic exchange. Here we examine the stability of the 
canted state for an isotropic situation. For these purposes the 
nonperturbative expression for the change in thermodynami- 
cal potential SD,DE is required. Thus, other theoretical 
approaches610 based on Hartree-Fock-like approximation 
cannot address the canted phase. This phase is characterized 
by two ordered sublattices with equal sublattice magnetiza- 
tions m, which form an angle 2y between them. For the 
present Hamiltonian (within a mean field scheme), it can be 
seen that spin canting always requires the presence of non- 
zero magnetic field and low temperatures. The former is a 
consequence of the high degree of degeneracy of the zero 
field canted state. In zero field, the energy of the system 
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depends solely on the cosine of the angle which the spin Sj 
(of sublattice I) forms with its nearest neighbors belonging to 
sublattice II. This energy does not change as the spin Sj 
moves along any cone around the average direction of spins 
of sublattice II. Thus, on the average the spin Sj will be 
aligned with sublattice II, rather than I. Thus, this degen- 
eracy destabilizes the canted state. Moreover, these results 
are robust with respect to small perturbations (caused by an- 
isotropy effects, quantum corrections, and small external 
fields) that may lift the degeneracy described above. Since 
this degeneracy is site local, its effects will be suppressed 
only when the energy scale of a perturbation per individual 
spin is comparable with that of the thermal motion of a 
single spin, that is, with the temperature T. 

The canted phase is stable for H>0, sufficiently strong 
antiferromagnetism (SJAF>\E0\ + H), and at low tempera- 
tures. To characterize the canted state, one has to solve two 
coupled equations, one for the component of (S{) parallel to 
the magnetization of sublattice I, 

-sin2y(sin ar cos/?]), +cos 2y(cos al)l=m,       (6) 

and another for the perpendicular component, 

cos2y(sin ax cos /3^ + sin 2y(cos a1)l = 0, (7) 

where ax and ßl are polar and azimuthal angles of the spin 
Sj measured with respect to the coordinate system that has, 
as its polar axis, the average direction of the spins of sublat- 
tice II. We choose ß{ = Q for the spin Sx lying within the 
plane containing the two sublattice magnetizations. 

In order to solve Eqs. (6) and (7), the full expression for 
<5flDE is needed. Following Ref. 9, it can be shown that 

-/ 
SnDE(b,t,T)=    f{e)g(e)de+e(b-t)-[<p(z0) 

-cp(-Dt)], 

where the spectral shift function £(e) is given by 

(8) 

TrctgTr£{e)=- 
1 1 

ev{e) tz-b2    v(e) 
V.P 

/ 

v(rj)dr) 

V 

the bound state energy z0 is the root of equation 

1 + - 
tl-b2 

-l+z 
/ 

v{r))drj 

V 
■o, 

(9) 

(10) 

v{e) is the density of states, <p(z)= -T ln{l+exp[(/y, 
-z)IT]}, and f(z) = {exp[(z-/i)/T]+l}-1. Equations (8)- 
(10) are valid for a square (cubic) lattice in any dimension- 
ality D from 1 to 3; the energy integrations are performed 
over the entire conduction band, extending from -Dt to Dt. 
In the canted state, Eqs. (3) and (4) have to be modified 
appropriately.11 

An analysis of these equations reveals an important fea- 
ture of the canted state. As T—>0, m approaches its proper 
saturation value m = 1. This reflects the fact that at finite 
field, the canted state is associated with a nondegenerate en- 
ergy minimum. Moreover, at temperature Tl~H, the under- 
saturated ferromagnetic state undergoes a continuous phase 
transition into the low temperature canted state. This lends 

support to the notion that undersaturation is characteristic of 
the generic low temperature regime.12 Thus, the canted state 
does not appear in the H=0 phase diagram, which consists 
of antiferro- (low T, small x), ferro- (low T, larger x), and 
paramagnetic (high T) regions. 

These calculations have made a number of predictions 
which can be tested experimentally. The layered materials 
La2_2j;Sr1 + 2j:Mn207, with x = 0.4, presumably lie either 
within the region where the system should display undersatu- 
rated ferromagnetic behavior at low T, or on the brink of this 
region, where thermal fluctuations should still be stronger 
than in a conventional magnet. Direct verification of the 
presence of undersaturation at low T should be possible via 
Rietveld measurements. The presently available results for 
the absolute value of magnetization in x = 0A systems13'14 

indicate that the low-temperature limiting value of the mag- 
netization is lower than expected, but further experiments in 
a broader H, T range would be desirable. 

It is natural to expect that the relative strength of the 
superexchange interaction is even higher in x = 0.3 com- 
pounds, so that this compound may be suitable for observing 
canting under the proper field and temperature conditions: 
T-&H, although experiments have not yet been performed in 
this regime. There have been no observations of the canted 
phase in the layered compounds to date, which is consistent 
with our results. 

This work has benefitted from enlightening discussions 
that we had with many theorists and experimentalists. We 
are grateful to all of them, especially to A. G. Abanov, A. 
Auerbach, A. V. Chubukov, M. I. Kaganov, R. Osborn, R. 
Osgood, and A. E. Ruckenstein. We acknowledge the sup- 
port of the University of Chicago/Argonne National Labora- 
tory collaborative Grant, U.S. DOE, Basic Energy Sciences, 
Contract No. W-31-109-ENG-38, and the MRSEC program 
of the NSF under Award No. DMR 9400379. 

'For a review, see A. P. Ramirez, J. Phys.: Condens. Matter 9, 8171 (1997). 
2C. Zener, Phys. Rev. 82, 403 (1951). 
3T. G. Perring et al, Phys. Rev. Lett. 78, 3197 (1997). 
4R. Osborn et al. (unpublished). 
5P.-G. De Gennes, Phys. Rev. 118, 141 (1960). 
6A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Rev. Lett. 74, 
5144 (1995). 

7P. W. Anderson and H. Hasegawa, Phys. Rev. 100, 675 (1955). 
8We are, in effect, using the so-called "virtual crystal approximation," 
which is expected to be adequate for computing thermodynamic quantities 
of a system with sufficiently large carrier concentration. 

9I. M. Lifshits, Usp. Mat. Nauk 7, 171 (1952) and Zh. Eksp. Teor. Fiz. 17, 
1076 (1947) (in Russian); I. M. Lifshits, S. A. Gredeskul, and L. A. 
Pastur, Introduction to the Theory of Disordered Systems (Wiley, New 
York, 1988); M. G. Krein, Topics in Differential Equations and Operator 
Theory (Birkhauser, Basel, 1983). 

10N. Furukawa, J. Phys. Soc. Jpn. 64, 3164 (1995), and references therein. 
"Namely,    SQX = 5nDE(fo, ,t,T) + 4JA¥m cos a{-//(-sin y sin a, cos ßt 

+cos ycos a,), b\ = (\ +m cos a,)/2, and /2 = (1 +m2 cos 2y)/2. 
12This T—>0 undersaturation is consistent with results reported earlier for 

quantum ferrimagnets (see: A. V. Chubukov et al. J. Phys.: Condens. 
Matter 3, 2665 (1991)). We also note that at low T and low concentrations 
(in 2D, x<0.215), the canted and undersaturated ferro- and antiferromag- 
netic states become thermodynamically unstable, signalling either the on- 
set of more complicated spin arrangement or phase separation. 

13J. F. Mitchell et al, Phys. Rev. B 55, 63 (1997). 
14R. Seshadri et al, Chem. Mater. 9, 1778 (1997). 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Composite polaron mechanism for colossal magnetoresistance 
in perovskite manganites 

Liang-Jian Zoua) 

Institute of Solid State Physics, Academia Sinica, Post Office Box 1129, Hefei 230031, 
People's Republic of China and CCAST (World Laboratory), Post Office BOX 8730, 
Beijing, 100083, People's Republic of China 

H. Q. Lin 
Department of Physics, the Chinese University of Hong Kong, Shatin, N. T. Hong Kong 

Q.-Q. Zheng 
Institute of Solid State Physics, Academia Sinica, Post Office Box 1129, Hefei 230031, 
People's Republic of China 

The mechanism of carriers accompanied by spin-wave cloud and Jahn-Teller phononic cloud, 
called composite polaron, is proposed to explain the unusual transport and thermodynamic 
properties in perovskite manganites over all the temperature and magnetic field range. It is shown 
that the energy bandwidth of composite polarons is strongly renormalized with the increases of 
temperature and magnetic field, the bandwidth narrows with elevated temperature, while it broadens 
with increasing magnetic field. The resistivity of composite polarons increases with elevated 
temperature strongly, reaches a maximum near the Curie temperature Tc, and decreases with the 
increase of magnetic field. The specific heat of composite polarons also exhibits a maximum near 
Tc. These results agree with experiments in a broad temperature and magnetic field range, 
suggesting that composite polarons contribute to the unusual properties in manganites. © 1998 
American Institute of Physics. [S0021-8979(98)45711-6] 

I. INTRODUCTION 

Huge resistance change under magnetic field found in 
ferromagnetic perovskite manganites has been under exten- 
sive theoretical and experimental studies in order to elucidate 
the mechanism of such a colossal change in resistance, and 
to explore its potential applications. The magnetic structure 
and the electronic states of Aj _^RJCMn03 (where A=La, Nd, 
Pr,... and R=Co, Sr, Pb...) were extensively studied since 
1950's.1 It is known that in manganites, three d — t2g elec- 
trons in Mn+3 and Mn+4 ions form localized core spins with 
5=| via a strong intra-atomic Hund's coupling; the extra 
d — e„ electron in Mn+3, about 1.5 eV above the d — t2g 

level, interacts with the core spins through strong Hund's 
coupling. The localized spins tend to align paralleled through 
the oxygen bridges among Mn3+ and Mn4+ ions and form 
ferromagnetic background.3 Electrons in the d — eg band hop 
between Mn ions as itinerant ones and are responsible for the 
electric conduction in these systems. This picture describes 
the essential process of the double exchange model.3-5 

Several models6"10 have been proposed to explain the 
unusual transport properties observed in A1_^.R_cMn03 com- 
pounds. Early experiments6-8 had suggested that the anoma- 
lous magnetoresistance behavior could be understood in 
terms of the magnetic polaron mechanism. However, be- 
cause of the Jahn-Teller distortion of Mn06 octahedron,11'12 

electrons moving together with the distorted crystalline field 
(dynamic Jahn-Teller distortion) will be damped or trapped 
by the distorted lattice potential and form phononic 
polaron.13 Recently many experiments14""16 confirm the exis- 

a'Electronic mail: zou@isp.hfcas.ac.cn 

tence of lattice distortion and the formation of polaron in 
doped lanthanum manganites. Millis et al.9 and Zang et al.10 

suggested that the dynamic Jahn-Teller effect plays an im- 
portant role in the doped manganites. However, their models 
only explained some of experimental facts. To fully under- 
stand the static and transport properties of manganites over 
all temperature and magnetic field range, further studies are 
still needed. 

A moving electron in ferromagnetic (or antiferromag- 
netic) background disturbs its nearby local spin field and 
excites spin waves, so the moving electron at eg level in 
lanthanum manganites is surrounded by spin-wave clouds 
and can form a magnetic polaron.17 On the other hand, in the 
presence of strong electron-lattice interaction, the magnetic 
polaron clouded by phonons can simultaneously form a kind 
of new quasiparticle, which we call the composite polaron 
(CP). In this article, we propose that the composite polaron is 
responsible for some unusual physical properties in manga- 
nites. The current work is different from our previous work18 

where we did not discuss transport properties and specific 
heat. Approximation was made here in the low doping limit 
in order to calculate correlation functions. 

II. FORMALISM OF COMPOSITE POLARONS 

In A1_xBJ.Mn03, it is believed that the essential interac- 
tions come from two parts, double exchange and Jahn-Teller 
lattice distortion. The double exchange interaction comes 
from the hopping of the eg electrons between Mn3+ and 
Mn+4 ions via oxygen anion, which gives rise to the long- 
range ferromagnetic ordering among core spins. The dy- 
namic Jahn-Teller electron-lattice coupling, originating 
from the degeneracy of e„ orbitals, is thought to play an 

0021 -8979/98/83(11 )/7363/3/$15.00 7363 © 1998 American Institute of Physics 
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important role for the transport properties and the magnetic 
properties.19 Considering these two interactions, the model 
Hamiltonian for the doped R[ _xA;tMn03 reads 

#=2 €dad]adia+t^ d^j^-Ji/^ SfdJ^cr^djr 

-g/"*s#S S^+ahw^j ",[>•+£,] +E h(ob]bi, 
i i i 

(i) 

where d'ia. creates an eg electron at site R, with site energy ed 

and spin a, t denotes the hopping integral of the eg electrons 
from one site to its nearest-neighbor; b] creates a Jahn- 
Teller phonon at site R, with mode hco, a represents the 
relative electron-phonon coupling constant. These param- 
eters are chosen as £«1.8, JH<**2.0, and fr«*»0.05 eV, re- 
spectively; the relative electron-phonon interaction is about 
a« 1.5. 

Since the strong Hund's coupling between the conduc- 
tion electron and the localized spin is confined to the same 
site, and since the strong Jahn-Teller coupling between the 
conduction electrons and the distorted lattice is extended 
only several lattice constant distance, the small polaron pic- 
ture is more suitable for describing the motion of electrons in 
La1_J.CaA.Mn03. Therefore our treatment to Eq. (1) is in the 
framework of small polaron theory. The concept of the CP is 
supported by recent small-angle neutron scattering experi- 
ments by De Teresa et al.20 After applying a unitary 
transformation21 to the model Hamiltonian Eq. (1) to elimi- 
nate the linear term of the phonon operators, H' = e~sHes, 
where S=altini[b} — bi], one gets an effective Hamiltonian 

H' = 2 €iadldia+t 2  dldjJlXj 
ior (ij)cr 

JH2J ^i'di^cr^d^ (2) 
IfJLV 

where   ed(7=ed— fi — afiBB,   and  Zja = exp[a(fe,—bj)].   A 
constant term, — S^an,^, is dropped off for simplicity. 

The wave function of the composite polaron, |<J>), can be 
constructed in terms of the basis functions, \4>j(Sz

0)),
ls 

l*>=2 *M(So)> (3) 

with 

l<A,(So)>= 
S + Sz

0l+l 

25+1 4+ 
dlsl 

s+sz
0i+i \0)e. 

where a] creates a CP and |0>e denotes the fermion vacuum 
state. In the CP representation, the Hamiltonian Eq. (2) is 
rewritten 

t 

+ ■ S7St 

yl(S + Sz
0i+l)(S + Sl

0,+ l) 

X]X:ala,. 
^s+sz

0i+i  ' ; Vs+s^.+ iJ '''''•' 
(4) 

In Eq. (4), the first term is diagonal, e0=ed-aho)-JHS 
-2S/(2S+l)(/nBB + g/2S/j,BB), denoting the spin- 
dependent and the phonon-dependent site energy of the CP 
and describing the central position of energy band of the CP, 
which is almost not shifted by temperature and applied mag- 
netic field; the second term, the nondiagonal part, describes 
the hopping process and the energy band of the CP, which 
contributes to the transport properties. After the thermal av- 
erage over phononic states and spin configurations, the en- 
ergy band of the CP can be obtained: 

_     zty(k) 

2S+1 
€lr=en + -a((nB)+m) 

X (^(S + Sz
0i+l)(S + Sz

0S+l)) 

+      /„,„,,, S7St+i yfs + Sli+T \jS + Sz
0i+i ■+1, 

(5) 

It is interesting to compare the above dispersion with the 
bare energy spectrum of conduction electrons, zty(k). It is 
found that the energy band of the CP is renormalized by a 
phononic part depending only on temperature and a magnetic 
part depending both on temperature and magnetic field. The 
increases of electron-phonon interaction and temperature 
narrow the energy band of the CP, while the increase of 
magnetic field broadens it. It can be shown that when tem- 
perature varies from 50 to 250 K, the CP bandwidth in 
Lao.67Coo.33Mn03 decreases by about one order in 
magnitude.18 With the increase of temperature from T<TC 

to T> Tc, the spin-dependent correlation function exhibits a 
minimum near Tc, so the bandwidth of the CP has a mini- 
mum. Thus the CP energy band is controlled by both tem- 
perature and magnetic field, in agreement with the experi- 
mental observation.22 

III. TRANSPORT PROPERTIES OF COMPOSITE 
POLARONS 

According to the preceding analysis, the CP formed in 
doped LaMn03 is a type of small polaron and its transport 
properties can be obtained from the small polaron theory. 
The direct-current conductivity is deduced from the Kubo 
formula23 in terms of the nondiagonal transition process 

_ß{  t y 
a    6\2S+l) ljSS, 

X(xUt)Xi+^t)x]+s,Xj)F,j(S,S',t). (6) 

Here Ftj(t) is a spin-dependent correlation function. The 
conductivity is measured in the units of e2/h and it can be 
calculated so long as these correlation functions are known 
in the presence of magnetic field at temperature of T. 

Assuming that the leading contribution of the CP to the 
direct-current conductivity comes from the self-correlation 
part, i.e., j = i, 8= 6', to the zero-order approximation of the 
expansion of S matrix in the interaction representation, the 
correlation function for the CP becomes of the product of the 
occupied number of the CP in one site and the unoccupied 

2   8-8'\    dt{a1
i(t)ai+s(t)a]+s,aj) 
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number in the nearest neighbor site, n,(l-ra, + (?) 
«*c(l —c), where c is the concentration of the CP per site. 
The thermal average of the Jahn-Teller phononic correlation 
function gives rise to exp{-2a2((%)+l/2)[l-2cos(wr) 
+cos(2wf)]}, where (nB) is the thermal averaged occupation 
of the phonon. The spin-dependent correlation function in 
Eq. (5) is that of the double exchange ferromagnet and the 
expression of Fi}{B,T) is rather complicated. Detailed cal- 
culation will be given in a further article.24 

Temperature dependence of the resistivity of the CP is 
obtained numerically and it agrees with the experiments 
well.6-8 The temperature and the field behavior of the CP 
could be understood as follows: at temperatures below the 
Curie temperature Tc, there exists both ferromagnetic long- 
range order and dynamic electron-phonon coupling, more 
and more spin waves and phonons are excited with the in- 
crease of temperature, the CP becomes more and more heavy 
and is trapped, so the electric resistivity of the CP increases. 
Above Tc, only the short-range magnetic order and the 
Jahn-Teller effect play roles, the hopping probability of the 
CP increases with the elevating temperature, so the resis- 
tance declines. The resistivity maximum in CMR compounds 
near Tc originates from the crossover of the magnetic con- 
tribution for the CP from the long-range order to the short- 
range order of double exchange ferromagnet. 

The application of external magnetic field to system sup- 
presses the spin excitation and reduces the effective mass of 
the CP, so the resistivity decreases with the increase of mag- 
netic field. These behaviors agree with experiments very 
well. 

One important result of the present model is that the 
magnetic scattering contribution to the resistivity comes 
from both the two-point spin-correlation function of the 
short-range (T>TC) or the long range (T<TC) magnetic 
fluctuations, and the four point spin correlation function12 if 
high order approximation is adopted. Therefore the CP 
mechanism may be a more suitable description for the un- 
usual properties of lanthanum manganites than either the 
magnetic polaron or the Jahn-Teller polaron mechanism. 

IV. SPECIFIC HEAT OF COMPOSITE POLARONS 

The thermodynamic properties of lanthanum manganites 
also can be deduced from the properties of the CP. The spe- 
cific heat can be obtained from the total energy of the CP in 
the system, 

C„ = x2 ek{ek-p)Ch-\ß(ck-ti)ri\, (7) 
4     k 

where the specific heat is in the units of kB, ek denotes the 
energy band of the CP. Also we need the spin-dependent 
correlation function to calculate the specific heat of the CP. 
Since it is hard to obtain analytic results from such a com- 
plicated polaron energy band, the numerical result of the 
temperature dependence of the specific heat is obtained. It is 

found that the specific heat of the CP increases gradually 
with the increasing of temperature, and exhibits a maximum 
near the Curie temperature. This maximum is related to the 
crossover of the leading contribution to the CP from the 
magnetic scattering character (T<TC) to phononic scatter- 
ing character (T>TC). This behavior also agrees with recent 
experiments. 25 

V. CONCLUSION 

To summarize, a new kind of quasiparticle, the compos- 
ite polaron, can form in the doped lanthanum manganites. 
The unusual transport and thermodynamic properties in man- 
ganites could be understood in the framework of the com- 
posite polaron theory. 
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Direct evidence of half-metallic density of states is observed by scanning tunneling spectroscopy of 
ferromagnetic Lao 7Ca0 3Mn03 and La[ .^Sr^MnC^ (x = 0.3, 0.33) epitaxial films which exhibit 
colossal magnetoresistance (CMR). At 77 K, well below the Curie temperatures, the normalized 
tunneling conductance (dlldV)l(IIV) for all samples exhibits similar pronounced peak structures, 
consistent with the spin-split density of states spectra for the itinerant bands in the ferromagnetic 
state. The exchange energy splitting between the majority and minority spins, as well as an apparent 
energy gap near the Fermi level, show variations with the chemical composition and the 
temperature. For comparison, the tunneling spectrum of a half-metallic ferrimagnet Fe304 is also 
studied. The characteristic spin-split density of states spectrum is observed, and the similarities and 
differences of Fe304 compared with the perovskite manganites are discussed. © 1998 American 
Institute of Physics. [S0021-8979(98)45811-0] 

Half-metallic ferromagnetic materials, characterized by 
the presence of an energy gap for one of the spin orientations 
at the Fermi level and continuous bands for the other, have 
been a subject of interest for more than a decade.1-4 An 
important consequence of the half-metallicity is the complete 
spin polarization in the ferromagnetic state of these 
materials,1'2 giving rise to novel physical properties, such as 
very large magneto-optical Kerr effects5 in the Heusler al- 
loys (e.g., PtMnSb).6 Recently, the intensively studied phe- 
nomenon of negative colossal magnetoresistance (CMR) in 
the perovskite manganites, Ln1_;cMJ.Mn03 (Ln: trivalent rare 
earth ions, M=divalent alkaline earth ions), has been attrib- 
uted to the half-metallic characteristics of these materials 
based on electronic band structure calculations7 and on vari- 
ous supportive though indirect experiments.8'9 In this work, 
we provide temperature-dependent tunneling spectroscopy 
data as direct experimental evidence for the half-metallicity 
of various perovskite manganites. In addition, we compare 
these results with the first temperature-dependent tunneling 
spectroscopy data ever taken on a ferrimagnetic half-metal, 
Fe304.10"12 The similarities and differences in the spectral 
behavior of these half-metallic ferromagnets and ferrimag- 
nets (HMF) are discussed. 

The perovskite manganites studied in this work 
are 200-nm-thick epitaxial films of Lao 7Cao 3Mn03 

and 
La0 7Sr03MnO3 grown on single crystalline LaA103 

substrates,13"16 and 150-nm-thick Lao.67Sro.33Mn03 on single 
crystalline SrTi03 substrates, using pulsed laser deposition.17 

The Curie temperatures (Tc) for these samples are 260, 320, 
and 360 K, respectively. Details of the deposition procedure 

"'Electronic mail: jytwei@cco.caltech.edu 

and the characterizations of the structural and physical prop- 
erties (including the electronic, electrical transport, magnetic, 
and optical properties) of the manganite epitaxial films have 
been reported elsewhere.13"17 The Fe304 sample is an epitax- 
ial film grown on a (OOl)-oriented MgO substrate, also using 
the pulsed laser deposition technique.12 

To investigate the HMF characteristics of these ferro- 
magnetic films, we employ tunneling spectroscopy on these 
samples using a variable-temperature scanning tunneling mi- 
croscope (STM). Tunneling spectroscopy is known to be a 
sensitive probe for studying the density of states of 
material,18 particularly if the tunneling is into a many-body 
system characterized by a renormalized quasiparticle 
dispersion.19 In this work, we study the tunneling spectros- 
copy of the magnetic epitaxial films by measuring the tun- 
neling current as a function of the sample bias voltage. All 
measured spectra are highly reproducible, and the character- 
istics are essentially independent of the junction impedance, 
ranging from high impedance ~ 100 Mfl to low impedance 
~1 Mfi. We use paramagnetic Pt for the tunneling tip to 
prevent possible complications in revealing the magnetic 
properties of the samples. 

The main panels of Figs. 1(a)-1(c) illustrate the differ- 
ential conductance, (dI/dV)/(I/V), normalized with the 
standard formalism given in Ref. 18, as a function of the bias 
voltage (V) for La0 7Cao.3Mn03 (LCMO), La0.67Sro.33Mn03 

(LSMO), and Fe304 films at T= 77 K, respectively. The in- 
sets depict the corresponding data taken at T= 300 K. Simi- 
lar measurements have also been conducted on the 
Lao.7Sr0 3Mn03 sample, and the results are qualitatively simi- 
lar to those obtained on the Lao 67Sr0 33Mn03 sample, al- 
though small quantitative differences exist. These quantita- 
tive variations are given in Table I. 
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FIG. 1. The normalized differential conductance, (dlldV)l(UV), of (a) 
La0 7Cao 3Mn03, (b) Lao67Sr033Mn03, and (c) Fe304> as a function of the 
bias voltage V at T=77K. The insets show the corresponding tunneling 
spectroscopy data at 300 K. The exchange energy splitting AEex and the 
energy gap AEG values determined from the low-temperature data are given 
in Table I. 

TABLE I. Summary of the tunneling spectroscopy measurements on the 
manganite and magnetite epitaxial films. The uncertainties in the energies 
come from spectral variations, and Tv is the Verwey temperature for Fe304. 

Material rc[K] A£ex [eV]      AEG [eV] 

Lao7Ca03Mn03 260 3.3±0.2 0.9±0.1 
Lao 7^0 3Mn03 320 4.0±0.2 0.7 ±0.1 
Lao.67Sr033Mn03 360 5.0±0.2 0.6±0.1 
Fe304 850 (r„= = 120 K) 0.8±0.2 0.2±0.1 

Several important features of the data are noteworthy. 
First, two large peaks, which correspond to the density of 
states of the majority and minority carriers energetically 
separated by the on-site exchange energy, are clearly visible 
in each sample at 77 K. These features disappear at room 
temperature. Second, near zero bias voltage, the normalized 
differential conductivity appears to be zero for each sample 
at 77 K, suggesting the existence of a small energy gap AEG 

near the Fermi level, attributable to either a density-of-states 
gap in the minority band or a mobility gap in the majority 
band.4 Furthermore, A£G is the largest in LCMO and the 
smallest in Fe304. Third, in the case of perovskite mangan- 
ites, the exchange energy splitting A£ex for the same alkaline 
earth doping level x = 0.3 is larger in La0 7Sr0 3Mn03 (A£"ex 

= 4.0±0.2eV) than in Lao^Cao^MnOa (A£ex=3.3 
± 0.2 eV), as shown in Table I. We note that the observed 
exchange energy in Lao 7Sr0 3Mn03 is in g°°d agreement 
with that (AEex*»3.5 eV) obtained from band-structure cal- 
culations using the local spin-density approximation.6 For 
the Sr-doped manganites, on the other hand, the exchange 
energy splitting is larger in La0 67Sr0 33Mn03 (AEex=5.0 
±0.2 eV) than that in Lao7Sr03Mn03. Fourth, we note that 
the bandwidths of the majority and minority bands are sig- 
nificantly narrower in the LCMO system than those in the 
LSMO system. Finally, the exchange energies AEex in the 
perovskite manganites are significantly larger than that in the 
magnetite Fe304 (A£ex=0.8±0.2eV), as summarized in 
Table I. 

Next, we consider the physical implications of our tun- 
neling data taken on these HMF epitaxial films. On the issue 
of increasing A£ex with the increasing alkaline doping level 
in the ferromagnetic state of perovskite manganites, we note 
that the ratio of Mn4+ ions (e°gt

3
2g) to Mn3+ ions (e\t\g) 

increases with increasing x, and that the crystal-field energy 
splitting between the eg- and f2g-orbitals results in a larger 
on-site exchange energy for the Mn4+ ions than for the Mn3+ 

ions. Hence, we would expect A£ex to increase with increas- 
ing x, which is also consistent with the increase of Tc ob- 
served for these two LSMO films. However, the magnitude 
of increase in A£ex with increasing x cannot be estimated 
easily; spin-dependent band-structure calculations will be 
necessary to obtain theoretical values of A£ex for LSMO and 
to compare those values with our experimental results. 

Regarding the enhanced A£ex and reduced A.EG of the 
Sr-doped manganites relative to the Ca-doped manganites, 
we note that the smaller ionic size of Ca2+ results in a larger 
degree of lattice distortion from the ideal cubic structure.20 

There are two important consequences of the larger degree of 
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lattice distortion. First, stronger electron localization occurs 
near the Ca2+ site, thereby increasing the density of localized 
minority carriers and reducing the density of mobile majority 
carriers. Hence, the conductivity of LCMO is smaller relative 
to that of LSMO, and the double exchange interaction be- 
tween the neighboring Mn3+ and Mn4+ ions,21'22 which is 
responsible for the ferromagnetism of these doped 
manganites,20-22 is also weakened in the case of LCMO. 
Both the Curie temperature Tc and the exchange energy 
AEex therefore decrease with the decreasing alkaline earth 
ion size, consistent with our experimental observation. Sec- 
ond, a larger deviation from the cubic structure also results in 
stronger hybridization of the Mn t2g orbital and the oxygen p 
orbital. The stronger p — d hybridization is believed to en- 
hance the half-metallicity of the manganites,4'6 yielding a 
larger energy gap in the minority bands. This argument 
would be consistent with the larger A£G observed in LCMO 
relative to that in LSMO. 

Comparing the exchange energy splitting of the perov- 
skite manganites with that of magnetite Fe304, we note that 
the ferromagnetic exchange interaction for Fe2+(e24 ) and 
Fe (egt2s) at the B site of the spinel lattice is compensated 
by the antiferromagnetic exchange interaction between the A 
and ß-site Fe3+ ions.5 Hence, the resulting exchange energy 
splitting between the minority (associated with the A-site 
ions) and majority (at the B site) carriers is significantly 
reduced, consistent with our experimental observation of a 
much smaller AEex in Fe304 than in the manganites. 

The above discussion suggests that the tunneling spectra 
in Figs. 1(a)-1(c) can be well understood in the context of 
ferro- and ferrimagnetic half-metallicity. Next, we consider 
the temperature dependence of the tunneling spectra. In the 
case of Lao 7Ca0 3Mn03, H is easily understood that the en- 
ergy splitting between the majority and minority bands dis- 
appears in the paramagnetic state at room temperature, be- 
cause rc

Ää260K. Regarding the absence of room 
temperature half-metallicity in Fe304, we note that magnetite 
Fe304 is known to exhibit a sharp Verwey order-disorder 
transition involving Fe3+ and Fe2+ ions10 below the 
ferrimagnetic-to-paramagnetic transition at rc=850K. An 
energy gap ~0.76eV in the minority bands has been pre- 
dicted from the band-structure calculations.3'5 However, the 
presence of disorder above the Verwey transition tempera- 
ture Tv~ 120 K may result in smearing of the energy gap in 
the minority subbands, and hence the loss of half-metallic 
characteristics. This scenario is consistent with the NMR 
measurements of the longitudinal spin relaxation rate 
(\IT{),n where anomalous temperature dependence of 
(1/7]) ~ T512 for the HMF disappears and a typical metallic 
dependence of {\ITX)~T is recovered at TV<T<TC. Re- 
cent magnetization and magnetoresistance measurements of 
Fe304 epitaxial films also indicate the occurrence of the Ver- 
wey transition Tv at about 120 K.12 

On the other hand, the disappearance of room- 
temperature (below Tc) energy splitting between the major- 
ity and minority bands in both Sr-doped manganites is not 
easily comprehensible. This observation is nonetheless con- 
sistent with a recent finding of temperature-dependent spin- 

resolved photoemission spectroscopy on La07Sr03MnO3,
23 

where the difference between the spin density of states of the 
majority and minority bands decreases linearly with increas- 
ing temperature, even at temperatures well below Tc. The 
rapidly vanishing half-metallic ferromagnetism with increas- 
ing temperature from the surface-sensitive photoemission 
measurements has been attributed to the existence of surface 
magnetization in LSMO, which may be significantly differ- 
ent from the bulk magnetization. Since STM measurements 
are also surface sensitive, our results may also be represen- 
tative of the surface magnetization, and therefore not incon- 
sistent with the bulk half-metallic properties. This issue 
awaits further quantitative investigation as a function of tem- 
perature. 
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The effect of 160—»180 isotope exchange on the electric resistivity was studied for 
(La1_-yPry)07Ca03MnO3 ceramic samples. It was found that at y = 0.75, the substitution of 160 by 
180 results in the reversible transition from a ferromagnetic metal (FM) to charge ordered (CO) 
insulator at zero magnetic field. The applied magnetic field (Hs= 2 T) transformed the sample with 
180 again to the metallic state and caused the increase in the FM transition temperature Tc of the 
160 sample. As a result, the isotope shift of Tc at # = 2T was as high as 63 K. Such unique 
sensitivity of the system to oxygen isotope exchange, giving rise even to the metal-insulator 
transition, is discussed in terms of the isotope dependence of the effective electron bandwidth which 
shifts the balance between the CO and FM phases. © 1998 American Institute of Physics. 
[S0021-8979(98)27511-6] 

INTRODUCTION 

The perovskite manganites R1_A.MxMn03 (Ref. 1), (R3+ 

is a rare earth cation, M is a doubly charged cation with a 
large ionic radius, attract considerable current interest owing 
to the recent discovery of colossal negative magnetoresis- 
tance (CMR). These materials are characterized by a strong 
interplay of structural, orbital, and spin degrees of freedom 
dramatically affecting their transport properties. The impor- 
tant role of the electron-lattice interaction was pointed out in 
Ref. 3. There are a number of factors contributing to these 
interactions, including the Jahn-Teller nature of Mn3+ ions, 
the strong dependence of electron transfer on the Mn-O-Mn 
bond angle,4'5 trapping of charge carriers due to the optical 
breathing mode, and different polaronic effects. 

Another feature of the perovskite manganites is the pos- 
sible formation of the charge ordered (CO) state, manifesting 
itself in localization of charge carriers accompanied by the 
regular arrangement of Mn3+ and Mn4+ ions.6"8 The CO 
state is usually characterized by semiconductorlike and anti- 
ferromagnetic behavior and is accompanied by lattice distor- 
tions. Such an ordering, characteristic of Prj _JCCaJ.Mn03 (x 
= 0.2-0.5), was actively studied recently.7'8 

The significant role of electron-lattice interactions in 
manganites is confirmed by a pronounced isotope effect on 
the electrical and magnetic properties: in Lag 8Cao 2Mn03 the 
isotope shift of the Curie temperature was as large as 21 
K.9'10 The isotope effect should be even more pronounced in 
the vicinity of lattice instability related to the charge order- 
ing. Bearing this in mind, we studied the effect of oxygen 
isotope substitution on the electrical resistivity of a mixed 

"'Electronic mail: belova@imp.kiae.ru 

compound (La1_),Pr>,)07Ca03MnO3. By varying the relative 
contents of Pr and La (i.e., changing the average radius of the 
rare earth ion) it is possible to obtain the different types of 
low-temperature behavior [from the ferromagnetic metal 
(FM) Lao7Ca03Mn03 to the charge-ordered antiferromag- 
netic (AF) insulator ProjCa^MnO;,].4'11 

The isotope effect in electrical resistivity which we ob- 
served for Lao 175Pr0 525Cao 3Mn03 (); = 0-75) samples ap- 
peared to be far in the excess of our expectations since the 
160-180 exchange resulted not only in the significant lower- 
ing of the Curie temperature, but also in the metal-insulator 
transition. 

EXPERIMENT 

The preparation of the ceramic samples is described in 
Ref. 2. X-ray diffraction (XRD) showed that the 
La0.i75Pro.525Cao3Mn03 ceramic samples produced were of 
single phase with an orthorhombic structure [lattice param- 
eters a=0.5436(2) nm, £=0.5461(2) nm, c=0.7686(3) nm 
at 300 K]. 

The (La1_),Pr>,)o.7Ca03Mn03 system appeared to be con- 
venient for oxygen isotope substitution since its oxygen sto- 
ichiometry depends only slightly on variations in the thermal 
treatment conditions (temperature and partial pressure of 
02). The method used for oxygen isotope substitution 
160-180 in the selected manganite was similar to that uti- 
lized for high-temperature superconductor ceramics.1 Two 
1X1X8 mm3 bars were cut from the sintered pellet of 
La0175Pr0.525Ca0 3Mn03. Both samples were treated simulta- 
neously: one sample was heated in 1602 atmosphere, the 
other sample was heated in 1802 (the molar fraction of 1802 

was 85%) for 48 h at 950 °C under oxygen pressure of 1 bar. 
The 180 content in the samples was determined by measure- 
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FIG. 1. Temperature dependence of resistivity for l60 and lsO samples of 
Lao 175Pr0525Ca0 3Mn03 before and after oxygen backexchange. 
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FIG. 2. Temperature dependence of resistivity for 160 and 180 samples of 
La0175Pr0 525Cao 3Mn03 in different magnetic fields. The solid line is for the 
l60 sample; the dashed line is for the 180 sample. 

ment of the weight change of the samples after the isotope 
enrichment. As a result, the completeness of the isotope ex- 
change was verified. 

The electric resistivity was measured by the standard 
four-probe technique at temperatures down to 4.2 K. The 
highest resistance that could be measured with the experi- 
mental setup was 1 GO. The resistivity measurements in the 
magnetic field applied along the bar sample were performed 
only during the cooling stages. The magnetic properties were 
not measured in the current study, thus the assignment of the 
magnetic states was qualitative and based on experimental 
data for similar compounds published earlier.6-8'13 

RESULTS 

The temperature dependence of resistivity p(T) in zero 
magnetic field for the La0175Pr0525Ca03MnO3 samples is 
shown in Fig. 1. The resistivity curves for samples treated in 
1602 and 1802 differ drastically. The 160 sample exhibits a 
clearly pronounced resistivity peak at Tc=95 K associated 
with transition to the FM state. This value of Tc is in good 
agreement with Ref. 4. For the I80 sample the resistivity 
increases monotonically with decreasing temperature and at- 
tains about 108 n cm at 50 K, below which the p(T) value 
is so large that it exceeds our measuring limit. This behavior 
can be attributed to the charge-ordered state which is usually 
responsible for such an increase in the resistivity.13 

To make sure that the effect is due precisely to the iso- 
tope exchange, we carried out an isotope backexchange. The 
completeness of the exchange was proved again by changing 
the sample weight. The sample, which had been first satu- 
rated by 180 and was insulating thereafter, became metallic 
below 95 K after subsequent annealing in 1602. Correspond- 
ingly, the sample that had been first treated in 1602 and was 
metallic below 95 K thereafter became an insulator after the 
subsequent treatment in ,802 (Fig. 1). 

Application of the magnetic field is known to provide 
melting of the CO state in (Lai_>,Pr>,)07Ca03MnO3, resulting 
in a metamagnetic phase transition with a drastic decrease of 
the electric resistivity.4'11 This is a magnetic transition of the 
first order, exhibiting a pronounced temperature hysteresis. 

To avoid hysteresis the samples were heated above 150 K, 
then cooled in the applied magnetic field. 

Temperature dependencies of resistivity p(T) in the 
magnetic field are shown in Fig. 2. We found that a magnetic 
field of 1 T was not enough to suppress the CO state in 
La0175Pr0525Ca03Mn(18Oo.85160015)3 in spite of the more 
than 30 K upward shift of Tc in the case of 
Lao 175Pr0525Ca03Mn(16O)3. Nevertheless, in a field of 2 T 
melting of the charge-ordered state was clearly demonstrated 
(Fig. 2). 

The isotope shift of Tc was as large as 63 K in a field of 
2 T and 54 K in a field of 3 T, which is considerably larger 
than isotope effects ever reported for R^^VLJVM^. It is of 
note that Tc grows significantly with the increase of the ap- 
plied magnetic field for both samples. The p(T) curves at 
higher temperature are nearly independent of the isotope ex- 
change (Fig. 2). 

Under an external field of 2 T, the resistivity drops by 
more than seven orders of magnitude to p2j= 1.5 O, cm at 50 
K, exhibiting one of the largest magnitudes of CMR (107). 
For the 180 sample the large decrease in p, and thus CMR, 
can be related to the field-induced melting of the CO state. 
For the 160 sample the magnitude of the CMR is much less 
(IO4 for//=2T). 

Note the striking difference between the results for CMR 
in the 160 and 180 samples. In the 160 sample metallic con- 
duction and ferromagnetism occur spontaneously below the 
Curie temperature Tc. CMR arises from the abrupt increase 
in electron hopping via DE at the onset of the spontaneous 
FM ordering. Sizable CMR exists in the vicinity of Tc. In 
the 180 sample neither metallic conduction nor ferromag- 
netism is observed in zero field. CMR originates from the 
field-induced simultaneous semiconductor-metal and 
AF-FM transitions. 

DISCUSSION 

The samples studied in current research lie close to the 
FM-CO phase boundary and a relatively small influence can 
in principle transform one state into another, this can be 
achieved even by isotope substitution. 

The relative stability of different phases is determined 
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mainly by the electron bandwidth or the effective hopping 
integral tef{. The CO state is favored in the situation when te{{ 

is small enough.4'5 One can show this for a simple case of 
one electron per two sites using the model initially formu- 
lated for magnetite,14'15 which takes into account the Cou- 
lomb repulsion V of electrons at neighboring lattice sites. Its 
Hamiltonian has the form 

H=t^j a^a:+- 2 ",■«/. (1) 

where a/" and at are creation and annihilation operators for 
an electron at the rth site, n = a+a, and (...) means the sum- 
mation over the nearest neighbors. On-site Coulomb interac- 
tion U is assumed to be the largest parameter, U—>°°. 

The standard mean-field treatment shows15 that the CO 
state occurs if the hopping integral t is less than a certain 
critical value, t<tc- Vz/2 (z is the number of nearest neigh- 
bors). The CO critical temperature is given by the expression 

TC0~Vzjl-(t/tc)
2 (2) 

and is reduced with the increase of t, especially strongly for 
t"*tc. Thus, the increase of the hopping integral t destabi- 
lizes the CO phase. 

The teB value is determined by averaging t over corre- 
sponding lattice vibrations that, in turn, depend on the iso- 
tope composition of the material. In the simplest case: t{r) 
oc exp(-ar) and 

ttff=(t) = tJl + -a2(u2)), (3) 

where the interatomic distance r=r0+u, t0 = t(r0), and a 
«l/rg. The mean-square displacement (w2), and hence feff, 
depend on the ionic mass M (even at T=0 due to the zero- 
point vibrations). In case of dominant contribution of zero- 
point vibrations, we have 

(u2) = h/(2M@D) = h/[2(BM)m] 

where B is the bulk modulus. Thus 

8tef{~-t0((u
2)/r2)(SM/M). (4) 

The corresponding change in ?eff is generally not large, 
especially taking into account that we have to use the re- 
duced mass instead of the pure ionic mass. But this change 
may still be sufficient to shift our system from one state to 
another if we are close to the phase boundary at the phase 
diagram, which is apparently the case in our system. In this 
situation f«fc and, as follows from Eq. (2), 

STC0*St/^l-(t/tc)
2. (5) 

Note that in Eq. (2) the typical values of the intersite Cou- 
lomb repulsion Vz« 1 eV (104 K), while 7"CO~102 K; hence 
the square roots in (2) and (5) are of the order of 10~2. Thus, 
8Tcox StX 102, and it is not surprising STC0^ StX 102 that 
even a relatively small variation of teit caused by isotope 
substitution leads to such a drastic change in properties. 

The effect discussed above may be strongly enhanced if 
the charge carriers have polaronic nature. In this case the 
polaronic band narrowing gives 

tt{f=tQ exp(—Epoi/o})^t0 exp( — const/yjM) (6) 

and in the specific case considered here it is the oxygen mass 
that enters Eq. (6).16 

Another factor which may play a role in this effect is 
possible change of the Mn-O-Nm angle which can also 
influence teff. 

CONCLUSIONS 

The electric resistivity of (La1_),Pr),)07Cao.3Mn03 ce- 
ramics demonstrates very high sensitivity to the oxygen iso- 
tope exchange. At y = 0.75, the samples with 160 are metallic 
at low temperatures, while substitution of 160 by 180 results 
in the insulatorlike behavior. The magnetic field exceeding 1 
T restores the metallicity, but the isotope shift of the resis- 
tivity peak is very large, 63 and 54 K at H= 2 and 3 T, 
respectively. 

We argue that this effect is caused by modification of the 
effective hopping integrals and the resulting electron band- 
width due to isotope substitution, which shifts the relative 
stability of the CO versus FM states and leads to a transition 
between these phases. Simple model considerations suggest 
a significant enhancement of the isotope effect near the onset 
of the charge-ordered state and the corresponding lattice in- 
stability. To analyze this problem quantitatively we must 
take into account a whole set of competing mechanisms: 
electron-phonon interaction, polaronic band narrowing, the 
Jahn-Teller effect, double exchange, intersite Coulomb re- 
pulsion of electrons, etc. Nonetheless, we think that our 
simple arguments correctly describe the main physics of the 
phenomenon observed. 
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In this work we present low-field magnetic measurements on multilayers of Fe 1.5 nm and Cu 1.5 
nm layers, repeated 10 times, grown on Si(lll) and Fe5 nm/CaF240nm/Si(lll) substrates. 
Magnetic characteristics of a spin-glass phase are exhibited by samples directly grown on Si(l 11), 
for which the glass temperatures (TG) depend strongly on the magnetic field. Above TG those 
samples exhibit a ferromagnetic behavior. In contrast, samples grown on Fe/CaF2 buffer structure 
also show the spin-glass characteristics, but are antiferromagnetic above TG. This work deals with 
the fundamental role played by the interface between Fe and Cu for these effects, which is clearly 
emphasized by the experimental results. © 1998 American Institute of Physics. 
[S0021-8979(98)46011-0] 

Research and development of metallic magnetic multi- 
layers is an area of increasing interest, not only for the fun- 
damental physics involved with films and layers, but espe- 
cially due to its great potential for a variety of applications. 
Fe/Cu multilayers are very interesting systems exhibiting a 
strong correlation between magnetic and structural proper- 
ties. For example, it is well known that face centered cubic 
(fee) y-Fe and body centered cubic (bec) Cu metastable 
phases can be obtained in epitaxial or highly textured 
films.1-10 Experimental results and first-principle magnetic 
structure calculations confirmed that a rich variety of mag- 
netic configurations can be stabilized in fee y-Fe with a lat- 
tice constant range near that of fee Cu.11-15 It has also been 
shown that the magnetic anisotropy energies are rather dif- 
ferent for the ferromagnetic and various antiferromagnetic 
configurations in fee Fe.11'12 Fe/Cu multilayers also present 
antiferromagnetic exchange coupling which is accompanied 
by moderate magnetoresistive and magneto-optic effects for 
chemical modulation periods in the nanometer length scale.16 

Despite of the great interest on magnetic properties of Fe/Cu 
multilayers, its low-field magnetic susceptibility behavior 
has not been thoroughly explored in the literature. 

The present article reports on the irreversible behavior 
exhibited by zero-field-cooled (ZFC) and field-cooled (FC) 
magnetization curves of highly oriented Fe/Cu multilayers. 
Our experimental results are discussed assuming that a mag- 
netic metastable phase occurs at the interfaces due to the 
existence of some interdiffusion between Fe and Cu. 

Previous studies17-19 have shown that highly oriented 
Fe(110)/Cu(lll) multilayers consisting of successive depo- 
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sition of Cu 1.5 nm and Fe 1.5 nm layers repeated 10 times 
can be grown directly either on Si(lll) or on 
Fe 5 nm/CaF240 nm/Si(l 11) substrates. X-ray diffraction and 
electron diffraction analyses confirmed that the Fe/Cu multi- 
layers grown on Fe/CaF2 buffer structure have a better struc- 
tural quality than those grown on Si(lll) surfaces. Besides, 
x-ray reflectivity data reveal that each of these multilayers 
exhibits rather different interfacial roughness. The samples 
investigated in this study belong to a series widely explored 
so far. Despite the wide range of layer thicknesses in the 
series, we found no meaningful way to explain the very low 
magnetoresistance in these multilayer systems. 

The dc magnetic susceptibility (x^c) measurements, per- 
formed in the temperature range 5-400 K and fields up to 1 
kOe, were taken with a superconducting quantum interfer- 
ence device (SQUID) magnetometer (MPMS-5S, Quantum 
Design). Each measurement resulted from two sample scans 
over a length of 4 cm, with 40 point readings per scan. Low- 
field susceptibility measurements as a function of the tem- 
perature for different values of the applied field, were carried 
out using a routine combining a ZFC warming run followed 
by a FC experiment. To start the procedure, the sample was 
first heated up to 400 K and then cooled down to 5 K in the 
absence of magnetic field. Magnetization loops were also 
measured for many temperatures in between 5 and 400 K. 
Remnant demagnetization cycles were done at 400 K to pre- 
vent spurious irreversible effects associated with magnetic 
history of the sample in the ZFC measurements. Real and 
imaginary parts of the low-field ac susceptibility (Xac=x' 
+jx") of the samples were also measured using the SQUID 
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FIG. 1. Hysteresis loops measured for sample 2, at temperatures (O) 5 and 
(•) 300 K. 

magnetometer with an excitation field /zac=3.0 Oe. The tem- 
perature dependence Xac at different frequencies was mea- 
sured while heating the samples. 

Figure 1 shows the central portion of hysteresis loops, 
measured at 5 and 300 K, for one of the Fe/Cu multilayers 
investigated, grown on a Fe/CaF2 buffer structure (sample 
2). Notice that, at 200 Oe, the relative magnetization is about 
95% of its saturation value. Hysteresis loops for the other 
multilayer studied here, grown on a Si(lll) surface (sample 
1), are similar and will appear in another publication.17 Both 
samples exhibit typical ferromagnetic behavior, saturating at 

relatively low magnetic fields. It is worth mentioning that the 
remnant magnetization values measured at 5 and 300 K for 
sample 2 are smaller than those observed for sample 1. 

Figure 2 shows measurements of Xdc f°r those two mul- 
tilayers. One can see that both exhibit a spin-glasslike behav- 
ior at low magnetic fields, manifested by several typical sig- 
natures, including a field-dependent irreversible 
magnetization, a frequency dependent xac, and the oc- 
curence of metastable states characterized by a logarithmic 
time relaxation upon application or suppression of external 
fields of low magnitude. 

The irreversible behavior is relatively weak, being more 
pronounced for sample 2. Besides, the irreversibility tem- 
perature associated with the bifurcation in the ZFC/FC 
curves is quite high and strongly dependent on the applied 
magnetic field. A glass temperature TG, associated with a 
hump in the ZFC curve, is also observed for low fields. An- 
other important feature when comparing these multilayers is 
that the FC curves for low fields are clearly different. While 
the FC response for sample 1 resembles those of a ferromag- 
net, sample 2 exhibits a more complex behavior, including 
antiferromagnetism for higher temperatures, bounded by a 
local maximum of Xäc on the vicinity of 380 K. Since the 
crystal structure of both multilayers is similar, exhibiting 
identical orientation along the film growth axis, one would 
conclude that irreversibility comes from the occurence of 
dissimilar interfaces in different samples. This magnetic be- 
havior seems to be related to a certain roughness at the Fe/Cu 
interfaces, which manifests itself as a local intermixing of 
adjacent layers. Our results suggest that the width of the 
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FIG. 2. Temperature dependence of XAC f°
r sample 2 at fields: (a) 10, (b) 50, and (c) 1000 Oe; and for sample 1: (d) 10, (e) 50, and (f) 1000 Oe. Two curves 

are shown for each value of the field: the lower (O) is for the multilayer zero-field cooled to 5 K while the upper (A) is for the film cooled in the measuring 
field. Irreversibility temperatures associated with a bifurcation in ZFC/FC curves are observed. 
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mixed interfacial region should be small, involving only a 
few number of monolayers. Otherwise, one could not explain 
the ferromagnetic and antiferromagnetic behavior of FC 

20 21 curves.   ' 
Figure 3 shows x\T) for sample 2, whereas x"(T) ap- 

pears in Fig. 4. Both exhibit the expected frequency depen- 
dence for a spin-glass system.22 \' shows a typical fre- 
quency shift, while \" nas a maximum which also shifts 
towards high temperatures. An interesting feature of Fig. 3 is 
the flatness of x' between 200 and 350 K which might be 
evidencing a possible overlapping of spin-glass and antifer- 
romagnetic phases. Also noticeable is the increase in x" dis- 
persion for higher frequencies, which could be attributed to 
an enhanced activity of magnetic domains induced by the 
rapidly varying excitation field. 

In summing up, we have reported clear experimental 
evidences of a spin-glass behavior overlapping with ferro- 
and antiferromagnetism in Fe/Cu multilayers. As a matter of 
fact, a detailed investigation of the microscopic character of 
the interfaces in the samples of interest is a crucial task in the 
study of the mechanisms leading to the behavior reported 
here. In the past we have employed x-ray reflectivity with a 
double-crystal setup and also conventional 8-26 low-angle 
diffraction, in an attempt to clarify those questions. Other 
powerful techniques, like in situ transmission, tunneling, and 
atomic force microscopy, could represent an expressive step 
forward in this subject, but neither is available at the mo- 
ment. We are now conducting an alternative study, to appear 
soon elsewhere, in which we change the number of interfaces 
and the surface/volume ratio. 

Furthermore, there is an still unpublished work resulting 
from near-edge extended x-ray absorption fine structure ex- 
periments conducted at LURE (Orsay, France) on these mul- 
tilayers, which indicates the existence of highly disordered 
Cu sites at the interfaces, corroborating the proposed sce- 
nario of local intermixing and roughness at adjacent layers. 

As we see, a considerable amount of information on the 
structure of these systems has been collected in this and in 
previous work, indicating that the Fe/Cu interface peculiari- 

ties are to be responsible for the presently reported behavior, 
as well as for the absence of significant giant magnetoresis- 
tance effects in these multilayers.19 

Financial support from FAPESP, FAPERGS, CNPq, and 
FINEP/PRONEX is acknowledged. 

'D. Li, M. Freitag, J. Pearson, Z. Q. Qiu, and S. D. Badcr, J. Appl. Phys. 
76, 6425 (1994). 

20. Durand, J. M. George, J. R. Childress, S. Lequien, A. Schuhl, and A. 
Fert, J. Magn. Magn. Mater. 121, 140 (1993). 

3S. F. Cheng, A. N. Mansur, J. P. Teter, K. B. Hathaway, and L. Kabacoff, 
Phys. Rev. B 47, 206 (1993). 

4G. J. Mankey, R. F. Willis, and F. J. Himpsel, Phys. Rev. B 48, 10 284 
(1993). 

5D. Tian, F. Jona, and P. M. Marcus, Phys. Rev. B 45, 11 216 (1992). 
6H. Magnan, D. Chandesris, B. Villete, O Heckmann, and J. Lecante, Phys. 

Rev. Lett. 67, 859 (1991). 
7F. J. Himpsel, Phys. Rev. Lett. 67, 2363 (1991). 
8B. Heinrich, Z. Celinski, J. F. Cochrane, W. B. Muir, J. Rudd, Q. M. 
Zhong, A. S. Arott, K. Myrtle, and J. Kirschner, Phys. Rev. Lett. 64, 673 
(1990). 

9F. Pontkees and H. Neddermeyer, Physica B 161, 276 (1989). 
I0D. Pescia, M. Stampanony, G. L. Bone, A. Vateriaus, R. F. Willis, and F. 

Meier, Phys. Rev. Lett. 58, 2126 (1987). 
"L. Szunyogh, B. Ujfalussy, and P. Weinberger, Phys. Rev. B 55, 14 392 

(1997). 
I2Y-M. Zhou, W-Q. Zhang, L-P. Zhong, and D-S. Wang, J. Magn. Magn. 

Mater. 145, L273 (1995). 
I3F. Baudelet, M. T. Lin, W. Kuch, K. Meinel, B. Choi, C. M. Schneider, 

and J. Kirschner, Phys. Rev. B 51, 12 563 (1995). 
I4T. Detzel, M. Vonbank, M. Donath, and V. Dose, J. Magn. Magn. Mater. 

147, LI (1995). 
,5T. Kraft, P. M. Marcus, and Scheffler, Phys. Rev. B 49, 11 511 (1994). 
16See, for example, Ultrathin Magnetic Structures I and II, edited by B. 

Heinrich and J. A. C. Bland (Springer, New York, 1994). 
17 A. J. A. de Oliveira, W. A. Ortiz, D. H. Mosca, N. Mattoso, I. Mazzaro, 

W. H. Schreiner, and S. R. Teixeira, J. Phys. Condens. Matter (submitted). 
18W. H. Schreiner, D. H. Mosca, S. R. Teixeira, and N. Mattoso, J. Appl. 

Phys. 72, 5682 (1992). 
19 J. F. M. Borges, G. Tosin, L. F. Schclp, N. Mattoso, S. R. Teixeira, D. H. 

Mosca, and W. H. Schreiner, J. Magn. Magn. Mater. 121, 53 (1993). 
20D. H. Mosca, N. Mattoso, E. M. Kakuno, W. H. Schreiner, I. Mazzaro, 

and S. R. Teixeira, J. Magn. Magn. Mater. 156, 391 (1996). 
21 A. Brodde, K. Dreps, J. Binder, C. Lunau, and H. Neddermeyer, Phys. 

Rev. B 47, 6609 (1993). 
22J. A. Mydosh, in Spin Glasses: An Experimental Introduction (Taylor and 

Francis, London, 1993), p. 68. 



JOURNAL OF APPLIED PHYSICS VOLUME 83, NUMBER 11 1 JUNE 1998 

Origin of magnetic anomalies in the spin glass system, La0.85Sr0.15CoO3 
P. S. Anil Kumar 
Centre for Advanced Studies in Material Science and Solid State Physics, Department of Physics, 
University of Pune, Pune 411007, India 

P. A. Joya) and S. K. Date 
Physical and Materials Chemistry Division, National Chemical Laboratory, Pune 411008, India 

The composition with x=0.15 in the spin glass regime (0=S;t=£0.18) of the perovskite system, 
Laj ^Sr^CoO^ is investigated in detail to understand the unusual magnetic properties reported in 
the literature. AC susceptibility and field-cooled and zero-field-cooled magnetization measurements 
give sufficient evidence for compositional inhomogeneity as the origin of the magnetic anomalies. 
A well-defined spin glass behavior is obtained only for a highly homogeneous sample. © 1998 
American Institute of Physics. [S0021-8979(98)32311-7] 

I. INTRODUCTION 

The perovskite system, Lai-jSr^CoO^ has been studied 
extensively in the recent past to understand the evolution of 
its unusual electronic properties. Jonker and van Santen1 first 
reported that the paramagnetic Curie temperature increases 
from negative to positive value for x>0.1 and the onset of 
ferromagnetism is caused by the Co3+-0-Co4+ double ex- 
change interaction as proposed by Zener.2 From detailed 
studies on the magnetic properties, Itoh et al? have reported 
that there is no true long range ferromagnetic ordering as 
reported previously and there exists spin glass for 0=£x 
=£0.18 and cluster glass for 0.18=£x=£0.5 regions in 
La^^Sr^CoO^ Senaris-Rodriguez and Goodenough4 re- 
cently reported the superparamagnetic blocking model to ex- 
plain the unusual magnetic behavior of their low Sr-doped 
samples. 

Most of the unusual behavior observed for the 
Lat -jSr^CoC^ system is in the spin glass composition re- 
gime. For example, a spin glass freezing temperature of 65 K 
with a well-defined cusp-like magnetization behavior is re- 
ported by Itoh et al? for Lao 85Sr015Co03 whereas recent 
investigations4'5 on the same composition showed multiple 
magnetic transitions; (i) a Curie temperature of —240 K due 
to ferromagnetic ordering within large magnetic clusters, (ii) 
a shoulder-like transition at ~ 170 K due to blocking of these 
larger clusters below which the field cooled and zero field 
cooled magnetization shows irreversible behavior, and (iii) a 
spin glass freezing at ~ 70 K which is due to the final col- 
lective blocking of small clusters. Though blocking of large 
clusters takes place at —170 K, there was no cusp in the ac 
susceptibility observed at this temperature. 

We have investigated the origin of this unusual magnetic 
behavior of the spin glass composition Lao 85Sr015Co03 us- 
ing ac magnetic susceptibility and dc magnetization studies. 
Our studies are based on the fact that the above interesting 
results are obtained from measurements on samples pro- 
cessed at different heat treatment conditions. 

"'Electronic mail: joy@dalton.ncl.res.in 

II. EXPERIMENT 

Lao 85Sr015Co03 samples were prepared by the high- 
temperature ceramic (solid-state reaction) and by the low- 
temperature coprecipitation methods. In the ceramic method, 
molar ratios of La203 (preheated at 1000 °C), SrC03 and 
CoC204.2H20, are mixed together and calcined at 950 °C. 
The calcined sample was heated at 1000 °C for 72 h with six 
intermediate grindings. The bulk sample was then pressed 
into pellets and annealed at different temperatures in the 
range 1000-1300 °C. Low-temperature synthesis by the co- 
precipitation method was performed following the reported 
method.4'5 The mixed hydroxide precipitate was initially de- 
composed at 750 °C and then annealed at different tempera- 
tures. The oxygen stoichiometry of all the samples were de- 
termined by oxidation-reduction titrations using potassium 
permanganate and ferrous, sulfate solutions and were sto- 
ichiometric (Lao.85Sr015Co03±01). The microstructural fea- 
tures were obtained using a Leica-Cambridge 440 Scanning 
Electron Microscope (SEM). AC magnetic susceptibility (27 
Hz, 10 Oe) was measured by the mutual inductance method 
in an APD close-cycle helium cryostat (15-300 K). Field- 
cooled (FC) and zero-field-cooled (ZFC) dc magnetization 
(//,!= 100 Oe) studies were done on a EG&G PAR VSM 
model 4500 fitted with a Janis liquid nitrogen cryostat (80- 
300 K). 

III. RESULTS AND DISCUSSION 

Figure 1 shows the ac susceptibility curves of the sample 
prepared by the ceramic method and annealed at different 
temperatures. The sample annealed at 1000 °C for 72 h 
shows a magnetic transition at rc«=250 K and this transition 
temperature shifts to lower temperatures as the annealing 
temperature is increased. All the curves show a second mag- 
netic transition immediately below the first transition and a 
maximum in the susceptibility is observed at T=TxmäX, 
which also decreases continuously with increasing annealing 
temperature. As Tc is decreased, the magnitude of suscepti- 
bility at Tc is also decreased and finally a cusp-shaped mag- 
netic susceptibility curve is obtained at' T„ = 75 K. 

0021-8979/98/83(11 )/7375/3/$15.00 7375 © 1998 American Institute of Physics 
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FIG. 1. AC susceptibility curves of L^ 85Sr015Co03 synthesized by the 
ceramic method and annealed at different temperatures. (1) 1000 °C/72 h, 
(2) 1050 °C/12 h, (3) 1100 "C/12 h, (4) 1100 °C/24 h, (5) 1100 °C/48 h, (6) 
1150 °C/12 h, (7) 1200 °C/12 h, (8) 1250 °C/12 h, (9) 1300 °C/12 h. Inset: 
ac susceptibility curves of (a) La^SrosCoC^ and (b) La085Sr0i5CoO3 
samples prepared by the ceramic method annealed at 1000 °C/72 h. 

In the inset of Fig. 1, the ac susceptibility curve of 
La0.85Sr0.15CoO3 annealed at 1000 °C (curve 1 in Fig. 1) is 
compared with that of Lao.5Sr0 5Co03 processed under iden- 
tical conditions. In La!_xSr^Co03 system, maximum ferro- 
magnetic Curie temperature is observed for x = 0.5.' Both 
these curves are identical, showing a sharp transition at 
— 250 K, with the maximum value of susceptibility for the 
Lao 85Sr015Co03 composition approximately l/5th of that of 
the Lao.5Sr0 5Co03 sample. It appears that the x=0.15 com- 
position annealed at 1000 °C contains a minimum of —20% 
of the x = 0.5 composition. This implies that the low tem- 
perature annealed x = 0.15 sample is highly compositionally 
inhomogeneous. This sample may contain various phases of 
La^^Sr^CoC^ having different x values. On further anneal- 
ing of the sample at higher temperatures, the sharp magnetic 
transition is shifted to lower temperatures indicating narrow- 
ing down of the compositional range and finally a well- 
defined magnetic transition is obtained for the high tempera- 
ture annealed sample. 

The FC and ZFC curves of two samples prepared by the 
ceramic method are shown in Fig. 2. The nature of the FC 
and ZFC curves of both the 1000 and 1100 °C annealed 
samples are similar to that reported for the sample prepared 
by coprecipitation method.5 The ferromagnetic composition 
Lao.5Sr0 5Co03 also shows similar behavior which is as- 
signed to the cluster-glass nature of the compound.3'6 Inset in 
Fig. 2 compares the identical nature of the ZFC and ac sus- 
ceptibility curves of the sample annealed at 1100 °C. The ac 
susceptibility curve of the sample annealed at 1300 °C is 
similarly identical to that of the ZFC curve reported by Itoh 
et al? 

Figure 3 shows the FC and ZFC curves of the sample 
prepared by the coprecipitation method. The sample heated 
to 750 °C shows behavior similar to that of the ceramic 
sample annealed at 1000 °C showing a magnetic transition 
below —250 K. The ZFC curves of the ceramic sample an- 
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FIG. 2. FC (solid symbols) and ZFC (open symbols) curves of 
Lao85Sr015Co03 ceramic samples annealed at 1000 °C/72 h (squares) and 
1100 °C/24 h (circles). Inset: (a) ac susceptibility and (b) ZFC curves of the 
1100 °C/24 h annealed sample showing identical nature of the curves. 

nealed at 1100°C/24 h and the coprecipitated sample an- 
nealed at 1000 °C are compared in the inset. Both the curves 
show an initial magnetic transition below — 240 K and a 
maximum in the magnetization below —200 K. The particle 
sizes obtained from SEM for the above samples were —1000 
and — 200 nm, respectively. However, the Tc and the mag- 
nitude of the magnetization at Tc of the coprecipitated 
sample is lower than that of the ceramic sample indicating 
that the contribution due to the Sr-rich phase is less in the 
coprecipitated sample. This sample also shows an increase in 
magnetization below —100 K which marks the formation of 
the required composition at this processing temperature. ZFC 
curves of the coprecipitated sample annealed at different 
temperatures are compared in Fig. 4. As in the case of the 
ceramic samples, the increase in annealing temperature de- 
creases the contribution due to the Sr-rich phase as well as 
narrow down the compositional range. The behavior of this 
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FIG. 3. FC (solid symbols) and ZFC (open symbols) curves of 
Lao85Sr0i5Co03 sample prepared by the coprecipitation method and an- 
nealed at different temperatures, 750°C/16 h (squares), 1000°C/12 h 
(circles), and 1100 °C/12 h (diamonds). Inset: ZFC curves of the composi- 
tion prepared by (a) ceramic method 1100 °C/24 h and (b) coprecipitation 
method, 1000 °C/12 h. 
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FIG. 4. Comparison of the ZFC curves of the Lao85Sr015Co03 sample pre- 
pared by the coprecipitation method, (a) 750 °C/16 h, (b) 1000 °C/12 h, (c) 
1100 °C/12 h, and (d) 1200 °C/12 h. Curve (a) refers to the right vertical 
axis. 

sample annealed at 1200 °C is better than that of the ceramic 
sample annealed at 1300 °C, with no other magnetic transi- 
tion apart from the slow increase in the magnetization below 
~ 100 K which is due to the contribution from the spin glass 
phase alone. This implies that the low-temperature synthe- 
sized sample if processed at sufficiently higher temperature 
ensures compositional homogeneity and will show similar 
spin glass behavior obtained for the sample prepared by the 
ceramic method and annealed at very high temperatures (Fig. 
1). The particle size of the coprecipitated sample annealed at 
1200 °C was less than 1000 nm. This shows that the ob- 
served differences in the magnetic behavior is not particle 
size dependent. 

The   unusual   results   of  Mira   et al?   and   Senaris- 
Rodriguez and Goodenough4 showing multiple magnetic 

transitions for the Lao 85Sr015Co03 composition is thus due 
to compositional inhomogeneity rather than due to the clus- 
ter size dependence. The transition at ~ 240 K and the shoul- 
der below ~ 200 K indicate that the compound contains suf- 
ficient amount of phases with composition close to x=0.5 
(Tc~245 K) and x = 0.2 (Tc~ 180 K). These results may be 
compared with the ZFC magnetization curves reported by 
Itoh et al? and Golovanov et al? for Lag 85Sr015Co03 which 
show only a cusp at the spin glass freezing temperature. It 
has been shown earlier from energy-dispersive analysis by 
x-ray by Baythoun and Sale8 and Chick et al? that perovs- 
kites with similar compositions synthesized by the sol-gel 
method are highly compositionally inhomogeneous when 
processed at low temperatures. It appears that processing 
conditions are extremely important in determining the true 
magnetic behavior of perovskite type La! .^.Sr^CoOs com- 
pounds. 
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We report magnetic properties of a new class of hybrid organic/inorganic layered materials, 
Cu2(OH)3(CmH2m+iCOO), »z = 7, 9, and 11. The frequency dependence of the linear ac 
susceptibility and the irreversibility in the field-cooled/zero-field-cooled magnetization show that 
the geometrical frustration of the triangular lattice is strong enough to cause glassiness. The strong 
peak in the second harmonic of the nonlinear ac susceptibility indicates that frustration is not 
sufficient to prevent the system from developing a spontaneous moment. We propose that the 
interplay of Heisenberg antiferromagnetic exchange and Dzyaloshinskii-Moriya interaction leads to 
the unusual coexistence of glassiness and canted antiferromagnetism. © 1998 American Institute 
of Physics. [S0021-8979(98)46111-5] 

I. INTRODUCTION 

The question whether geometrical frustration alone, as 
opposed to random exchange, is strong enough to destroy 
magnetic order has preoccupied not just the theoretical 
community1 but the experimental one as well. Traditionally, 
spin glass behavior was thought to require both disorder and 
frustration.2'3 It has been argued that frustration alone can 
lead to large ground-states degeneracies, accompanied by ex- 
tensive ground-state entropies, but cannot produce a suffi- 
ciently "rough" free energy landscape necessary for the de- 
velopment of glassiness.4 Since the effects of frustration are 
more pronounced in lower dimensions, the best candidates 
for disorder-free glassiness are two-dimensional antiferro- 
magnets on triangular or kagome lattices.1'4 Such systems 
have been intensely studied in recent years, glassiness being 
found in kagome systems5 as well as in other materials,6'7 all 
having continuous symmetry spins and sharing the same ba- 
sic building block—the triangular plaquette—for their lat- 
tices. 

We recently reported the first evidence for hybrid 
organic/inorganic triangular quantum Heisenberg antiferro- 
magnets (TQHAF) with weak additional Dzyaloshinskii- 
Moriya (DM) interaction, Cu2(OH)3(CmH2m + 1COO), m 
= 7, 9, and ll.8 Based on dc magnetization and magnetic 
irreversibility studies, and on linear and nonlinear ac suscep- 
tibility data we showed that these compounds have an un- 
usual magnetic behavior, inconsistent with both the resonant 
valence bond (RVB)9 and the noncollinear Neel ground 
state.10 We suggested that the DM antisymmetric exchange 
is responsible for the spontaneous moment and Ising-like 
ordering. We present here further evidence to support our 
claim that the interplay between the Heisenberg antiferro- 

a)Electronic mail:girtu@mps.ohio-stae.edu 

magnetic exchange causing geometrical frustration and the 
DM interaction leading to spin canting allows these systems 
to evolve into a new unusual state with both canted antifer- 
romagnetic and glassy characteristics. 

II. EXPERIMENT 

The samples we have studied are compounds obtained 
by intercalation of saturated organic chains between inor- 
ganic layers of copper hydroxides.11 The copper hydroxy 
salts Cu2(OH)3X (X=N03, CmH2m + 1COO, m^O, etc.) ex- 
hibit a botallackite-type structure,12 in which two- 
crystallographically distinct copper atoms lie in different oc- 
tahedral environments.11 X-ray powder diffraction studies 
revealed layered structures with interlayer distances of 24.1, 
29.4, and 34.4 Ä for m = l, 9, and 11, respectively.11 Ex- 
tended x-ray absorption fine structure (EXAFS) measure- 
ments showed13 that the polycrysalline powder samples of 
the intercalation compounds maintain the basic framework of 
the crystalline inorganic layer Cu2(OH)3N03, with slight dis- 
tortions of the local octahedral symmetry. Though it is diffi- 
cult to put an upper limit to any structural disorder present, 
transmission electron microscopy photographs of the poly- 
crystalline powders revealed interference patterns usually ob- 
served in structurally well ordered materials,14 and the x-ray 
diffraction studies indicate crystallites of ~ 300 Ä diameter. 

The Cu2+ ions (no single ion anisotropy) are 5=1/2 
Heisenberg spins located on nonequilateral triangular mag- 
netic lattices.11 The most important interactions consistent 
with this structure are the Heisenberg (symmetric) superex- 
change through oxygen atoms and then the DM (antisym- 
metric) exchange15 caused by the spin-orbit interactions and 
the different local environments of adjacent copper sites. 
DM interaction recently was shown to be responsible for 
canted antiferromagnetic behavior in other two-dimensional 
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FIG. 1. x[ of 0^(0^3(0,^23000), in #ac= 1 Oe (zero applied dc field) 
at frequencies 5«/« 10 000 Hz. Inset: x[ of Cu2(OH)3(CmH2m+ICOO), 
m = 7, 9, and 11, in Hzc= 1 Oe (zero applied dc field) at/=5 Hz. 

(2D) oxygen bridged copper systems, the parent compounds 
for high temperature superconductors.16 

The ac magnetic susceptibility was measured with a 
Lake Shore 7225 ac susceptometer dc magnetometer in zero 
dc applied field and in the temperature range 5 «£ 7^ 30 K, 
on warming. Both the in-phase (x[) and out-of-phase (x"\) 
linear susceptibilities, Xi = Xi + ix" > were measured under 
an ac field ffac= 1 Oe and a wide range of frequencies (5 
^/=s 10 000 Hz). The second and third harmonics of the 
magnetic susceptibility Xi and X3 were obtained by reading 
the 2 / and 3/ lock-in responses, respectively, to an ac field 
with frequency /. The harmonics were measured on warm- 
ing, in zero applied magnetic field, at fixed ac field amplitude 
(1.3 Oe) and frequencies between 10 and 3330 Hz. The mag- 
netization was measured with a Quantum Design MPMS 5 
superconducting quantum interference device (SQUID) mag- 
netometer for 5=sr=£350 K and 0=£Hdc=£55 000 Oe. 

III. RESULTS AND DISCUSSION 

The lowest frequency (5 Hz) ^J data for the three com- 
pounds is displayed in the inset of Fig. 1. The independence 
of the peak temperatures (rp=19.1, 19.3, and 19.0 K, for 
m = l, 9, and 11, respectively) on the interlayer distances 
indicates that the magnetic behavior is governed by the in- 
tralayer interactions and, therefore, that these compounds are 
true 2D systems. Also, the relatively sharp peaks of the ac 
susceptibility suggest divergencies and, therefore, true mag- 
netic transitions. 

The peak temperature of x[ increases and the peak 
height decreases with increasing frequency, Fig. 1, indicative 
of slow relaxation processes that characterize the glassy 
behavior.3 The values of the relative variation of the peak 
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FIG. 2. FC (filled symbols) and ZFC (empty symbols) magnetization of 
Cu2(OH)3(CnH23COO) in dc applied fields of 5>s.f/dc=slOOOe. 

temperature per decade of frequency, (ATp/Tp)/A(logf) 
=0.003, 0.008, and 0.008, for m = l, 9, and 11, respectively) 
place these compounds in the range of canonical spin 
glasses.3 The strength of frustration in these geometrically 
frustrated systems, estimated from the ratio between the 
Curie-Weiss mean field ordering temperature ©cw and the 
true critical temperature Tc, fR=©cw/rc ,

7 was found to be 
7, 6.5, and 6 for the three compounds, respectively.8 These 
values suggest moderate strength frustration,7 however they 
appear to be enough to cause the slow relaxation processes 
characteristic for glassy systems. 

The field-cooled (FC) and zero-field-cooled (ZFC) mag- 
netization curves for the m - 11 compound (m = 7 and 9 
compounds have almost identical behavior),8'17 Fig. 2, show 
a rapid rise with decreasing T just above 20 K. At lower T 
the ZFC magnetization deviates below the FC magnetization 
indicating history dependence of the magnetization processes 
in the T range where x'\ shows frequency dependence. The 
field dependence of the bifurcation point Tb between the FC 
and ZFC curves (Tb decreases with increasing the applied dc 
field) reinforces the glassy behavior description.3 

Even harmonics can be observed only if a system exhib- 
its a spontaneous magnetization, due to the lack of inversion 
symmetry with respect to the applied field.18 Only odd har- 
monics are expected for a spin glass while for ferromagnets 
both even and odd harmonics should be present.19 Both sec- 
ond and third harmonics (2/ and 3/ responses, respec- 
tively), for the m = 11 compound, Fig. 3, (the m = 7 and 9 
compounds have almost identical behavior),8'17 have sharp 
peaks suggesting divergencies of both these quantities and, 
therefore, true magnetic transitions. The peak in the second 
harmonic indicates that a spontaneous moment is formed at 
that transition while the frequency dependence of both com- 
ponents of the nonlinear susceptibility suggests slow relax- 
ation processes and glassiness. 

Thus, all three systems show very similar magnetic 
properties. The high temperature TQHAF behavior was pre- 
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viously shown by the fit of the static susceptibility to high 
temperature series expansions. At low temperatures the fre- 
quency dependence of the linear ac susceptibility and the 
field dependence of the bifurcation point of the field-cooled/ 
zero-field-cooled magnetization data suggest slow relaxation 
and glassiness. The second harmonic of the nonlinear ac sus- 
ceptibility indicates that geometrical frustration is not strong 
enough to prevent the system from canted antiferromagnetic 
type of ordering. Hence, we propose that these are three 
TQHAF systems with weak additional DM interaction whose 
unusual behavior is determined by the interplay between the 

Heisenberg exchange, causing frustration and glassiness, and 
the DM exchange, causing spin canting and 2D Ising-like 
behavior. 
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Magnetic and structural properties of PrCo3_xSix compounds 
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We have systematically investigated the magnetic properties of the rare-earth compounds PrCo8Si 
and PrCo3_xSix, the crystal structures of which are hexagonal CeNi3-type and rhombohedral 
Be3Nb-type, respectively. Sharp cusps were observed in the real and imaginary parts of the ac 
susceptibility at temperatures between 282 (x = 0.08) and 209 K (x=0.23). Also observed were 
bifurcations of the zero-field-cooled and field-cooled magnetization curves at the same 
temperatures, showing that the magnetization was irreversible below these temperatures. The effect 
of Si substitution for Co in this system is to decrease the average ferromagnetic exchange 
interaction, thus decreasing the Curie temperature, without introducing significant random 
magnetism effects due to exchange fluctuations or random magnetic anisotropy. © 1998 American 
Institute of Physics. [S0021-8979(98)46211-X] 

I. INTRODUCTION 

Considerable effort has been devoted to understanding 
disordered magnetic systems which can result from exchange 
fluctuations or random anisotropy.1-3 Letting S,- be the spin 
vector at site i and nt be a random unit vector whose direc- 
tion varies independently from site to site, the Hamiltonian 
describing the system can be written 

H=-Z(J0+AJu)SrSrDX(nrSi)
2 

(1) 

where J0 is an average exchange interaction, AJtj is the fluc- 
tuations in the exchange interactions, and D is a measure of 
the strength of the random anisotropy.4 For real materials, 
both exchange fluctuations and random anisotropy should be 
taken into consideration. In the case of £>«0, for example 
materials containing isotropic rare-earth elements, there is a 
possibility for a spin-glass phase (SG) or a re-entrant spin 
glass phase (RSG) as a disordered state. However, if A/,-,- is 
negligible compared to D, a random magnetic anisotropy 
(RMA) glass phase may appear. In such a case the above 
equation becomes the Harris-Plischke-Zuckermann Hamil- 
tonian on which much of the theory of the RMA problem is 
based.5 Almost all of the materials studied previously can be 
classified as either SG or RMA, which avoids difficulties in 
separating an exchange-fluctuation effect and a random- 
anisotropy effect. 

In this study we have sought to investigate the above 
effects in an intermetallic compound system, PrCo3_xSix, in 
which one expects strong single-ion anisotropy from the Pr, 
and a weakening average exchange (/0) from the Si doping. 
The presence of any randomness is anisotropy or significant 
exchange fluctuation was also a subject for study. 

II. EXPERIMENTAL PROCEDURE 

Bulk samples of PrCo3_xSix (x = 0.0-0.23) were pre- 
pared by arc melting in purified argon gas. The starting ele- 
ments all had purity higher than 99.9%. The compositions of 

"'Electronic mail: rdk@unlinfo.und.edu 

the samples were determined from the initial weights of the 
component elements and checked by weighing after melting. 
The alloys were subsequently homogenized for 100 h at 
800 °C in vacuum. The crystal structures were determined by 
x-ray diffraction using CM Ka radiation and a graphite 
monochromator. The magnetization was measured by a Far- 
aday balance and a superconducting quantum interference 
device (SQUID) magnetometer over the temperature range 
from 5 to 500 K. Powdered samples were used for SQUID 
measurements so that individual grains could rotate freely 
along the direction of the applied magnetic field. The ac 
susceptibility measurements for the bulk samples were per- 
formed with a driving frequency between 10 and 1600 Hz 
and a driving field of 1 Oe. 

III. RESULTS AND DISCUSSION 

Figure 1 shows the x-ray diffraction scans for the 
PrCo3_^Six samples with various x values. It is found that 
the pattern for the x = 0.0 sample was almost entirely single 
phase PrCo3. Upon adding silicon up to x = 0.23 the diffrac- 
tion patterns did not change basically except for that a very 
small peak around 20=44.5° (indicated by lower triangle) 
appeared in some of the alloys. This peak is likely due to 
ferromagnetic Pr2Co7. However, the effect of this small 
amount of Pr2Co7 on the magnetic properties discussed here 
could be accounted for easily. 

The temperature dependence of magnetization for the x 
= 0.17 sample is shown in Fig. 2. After initial zero-field 
cooling, the magnetization was measured in a 50 Oe applied 
field as the temperature was raised to 300 K [solid circles in 
Fig. 2(a)]. A peak at a temperature around 225 K was found. 
In subsequent cooling in the same applied field, the magne- 
tization followed the same curve until it reached the peak. 
Below that temperature, it followed another path, showing a 
thermal hysteresis. The temperature at which the bifurcation 
of the zero-field-cooled (ZFC) and the field-cooled (FC) 
magnetization curves appears, decreases with an increasing 
applied magnetic field, as shown for the case of H 
= 1000 Oe in Fig. 2(b). 
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FIG. 1. X-ray diffraction scans for the PrCo^Si, samples: (1) * = 0.08, (2) 

0.17, (3) 0.20, and (4) 0.23, and (a) peak intensities for PrCo3 from (JCPDS) 
database. 

Figure 3 shows the in-phase (x') and out-of-phase (x") 
components of the ac susceptibility for the x = 0.17 sample. 
Sharp cusps are found in both the \' and x" curves in the 
same temperature region where the bifurcation appears on 
the FC and ZFC magnetization curves. It should be noticed 
that the peak in x' shifts towards a higher temperature with 
increasing frequency, suggesting that thermally activated 

255 
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FIG. 3. Frequency dependence of in-phase (a) and out-of-phase (b) ac sus- 

ceptibility of PrCo^Si, for * = 0.17 and v=25, 100, 400, and 1600 Hz. 
The inset shows the cusps in more detail. 

processes are significant. In addition, the peak in x'(T) cor- 
responds to the maximum slope in x"(T), (dx"/dT)mM. 

In order to get an insight into the effect of the Si substi- 
tution on the interaction parameters of Eq. (1), the Si content 
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dependence of ac susceptibility was investigated. Figure 4 
shows the x' and x" versus temperature curves for the x 
= 0.08, 0.17, 0.20, and 0.23 samples. Sharp cusps appear in 
both x' and x" curves for all the samples at temperatures 
between 282 K O = 0.08) and 209 K (x = 0.23). Although 
these measurements could not be extended above 300 K, x' 
for the x = 0.0 sample increases with temperature up to 300 
K, suggesting that it will also exhibit a sharp cusp near the 
Curie temperature of 339 K. It was also found from the 
SQUID measurement that the magnetization becomes irre- 
versible below each cusp temperature. The additional small 
peaks appearing on the high temperature side of the ac sus- 
ceptibility peak for the x = 0.20 and 0.23 samples may be due 
to the presence of a small amount of the Pr2Co7 phase. Mag- 
netization measurements in the x = 0.0 sample show an 
abrupt drop in the magnetization as the temperature increases 
above 339 K, suggesting the presence of a ferromagneticlike 
transition at that temperature. 

The binary compound PrCo3, was reported by Yakinthos 
et al.6 and Buschow et al.1 to be ferromagnetic with the easy 
direction along c axis below the Curie temperature of Tc 

= 349 and 339.5 K, respectively, and our temperature depen- 
dent magnetization measurements are consistent with this. 

Figure 5 shows the Si-concentration dependence of the 
Curie temperature as measured by the temperature of the 
peak in x'■ It can be seen that the decrease with x is clearly 

nonlinear in x. In a simple mean-field model Tc<*zJ0, where 
z is the number of nearest-neighbor magnetic ions and J0 is 
the average exchange of Eq. (1). However, this model is not 
realistic for PrCo3_^Six alloys because the exchange interac- 
tions are quite sensitive to local environments. (It should be 
noted that YCo2, for example, is not magnetic.8) A spin- 
fluctuation model for which TC^M

2
SIXQ, where xo is the 

exchange-enhanced susceptibility, is likely to be more 
appropriate.9 For example, if xo is assumed to be constant 
and Ms to vary linearly in x, then Tc(x) would change in a 
nonlinear way as seen in Fig. 5. 

The relatively sharp peaks in x' and x" are °f interest 
because they are reminiscent of spin-glasslike freezing due 
either to random anisotropy or exchange fluctuations. How- 
ever, in this series of alloys, with relatively small Si doping 
levels, it seems likely that any such effects are small pertur- 
bations on a basically ferromagneticlike system whose posi- 
tive exchange interactions are weakened by Si addition. The 
sharp susceptibility peaks can be understood in terms of a 
model developed by Buschow and Brouha10 for rare earth- 
cobalt alloys based on RCo5. In such compounds, where 
there is large single-ion anisotropy due to the rare earths, 
domain walls can be pinned by the lattice but thermal irre- 
versibilities such as observed in Fig. 2, can be caused by 
thermally assisted domain-wall motion. This also could lead 
to the sharp cusps in susceptibility at Tc. 

IV. CONCLUSIONS 

In summary, PrCo3_A.Sijr represents a diluted ferromag- 
netic system with a decreasing exchange and Curie tempera- 
ture with an increasing Si concentration. The sharp ac sus- 
ceptibility peaks and nonlinear variation of Tc can be 
rationalized on the basis of an itinerant spin-fluctuation 
model and thermally activated pinning of domain walls. 
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Frustration in the paramagnetic phase of spin-density-wave CrFeV alloys 
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The magnetic susceptibility x(T) of the spin-density-wave (SDW) alloys (Cr+2.7% Fe)1_ArVA. (x 
= 0.07, 0.29, 0.61, 0.9, 1.28, and 2.0% V) and of the paramagnetic alloys (x=5 and 10% V) 
measured in a field, H = 100 Oe, in the temperature range, 7=5-400 K, was found to exhibit 
hysteresis between the field-cooled and zero-field-cooled states, starting at an irreversibility limiting 
temperature Ti well above the Neel temperature TN in the SDW alloys, and also in the paramagnetic 
alloy (Cr+2.7% Fe)95V5. This behavior is attributed to the frustration of moments on the Cr atoms 
associated with the formation of a local-SDW phase above the bulk Neel transition. © 7995 
American Institute of Physics. [S0021-8979(98)32411-1] 

Following the observation1 of hysteresis with respect to 
field cooling in the temperature dependence of the magnetic 
susceptibility x(T), measured in a field, //= 100 Oe, in the 
spin-density-wave (SDW) alloys (Cr+3.2% Co)i_xVx (x 
=sl%) at an irreversibility limiting temperature well above 
the Neel temperature TN, we have found similar behavior in 
the corresponding system of CrFeV alloys containing the 
magnetic impurity Fe. 

We note first that the behavior of Fe impurity in Cr and 
Cr alloys is unique in that the temperature dependence of 
X(T) obeys a Curie-Weiss law, indicating that the Fe atom 
carries a moment, in the SDW phase as well as in the para- 
magnetic phase.2 SDW CrCoV alloys exhibit a Curie-Weiss 
paramagnetism only in the paramagnetic phase, and the mo- 
ment is believed to be frozen in the SDW state.2 This differ- 
ence from the behavior of the CrFeV alloys is however not 
relevant to the present work, since the onset of irreversibility 
occurs in the paramagnetic phase. We note also that irrevers- 
ibility was not observed in other recent work on these CrFeV 
alloys,3 since the measurements were performed in a rela- 
tively high measuring field, H^ 1 kOe, and only in the zero- 
field-cooled state. 

We report here the temperature dependence of x(T) 
= M(T)/H, M being the magnetization measured with a 
SQUID magnetometer MPMS-5S from Quantum Design, of 
(Cr+2.7% Fe)^^ (x = 0, 0.07, 0.29, 0.61, 0.9, 1.28, 2, 5, 
and 10% V; all percentages are atomic) with a measuring 
field of 100 Oe over the temperature range from 5 to 400 K 
in the field-cooled (FC) and zero-field-cooled (ZFC) states. 
The FC measurements were performed after applying the 
measuring field at 7=400 K, while cooling (FCC) and then 
warming (FCW). The experimental procedure and methods 
of sample preparation and characterization were the same as 
those followed in Refs. 3 and 4. 

No temperature hysteresis of x(T) was found between 
the FCC and FCW states, but all the ternary alloys except 
(Cr+2.7% Fe)90V10 show strong hysteresis between the FC 

and ZFC states, as shown in Fig. 1. A distinct anomaly oc- 
curs in both the FCC and FCW curves at the temperature 
where they begin to diverge from the ZFC curve, which is 
taken to define the irreversibility limiting temperature Tt. 

Alloys containing x 3= 0.29% V show no anomaly in 
X(T) at the Neel temperature TN [see Fig. 1(c)] perhaps 
because the SDW becomes commensurate at higher concen- 
trations of V in CrFeV alloys.5 We have therefore used the 
anomaly in the temperature dependence of the resistivity 
p{T) to define TN(x).6 

In the CrFeV alloys, just as in CrCoV,1 Tt{x) decreases 
like TN(x) as the concentration x of V increases, but rather 
less rapidly, as seen in Fig. 2. It is especially interesting to 
see that there is still strong irreversibility in the paramagnetic 
alloy (Cr+2.7 Fe)95V5 starting at a high temperature, 
r,=210 K [see Fig. 1(g)]. For x= 10% V, there is no irre- 
versibility [see Fig. 1(h)] so Tt(x) must vanish somewhere 
between x=5 and 10% V. 

It should be noted that, while the difference between the 
susceptibility in the FC and ZFC states increases in rough 
proportionality with the V concentration between x = 0.3 and 
2% V, the very small concentration, x = 0.07% V, produces 
a disproportionately large effect, as illustrated in Fig. 3. A 
trace of V produces a remarkably large effect also in the 
CrCoV system.1 

We believe that the well-defined anomaly in the FCC 
and FCW curves of x(T) and the onset of irreversibility at Tt 

in both the CrFeV and CrCoV systems corresponds to the 
new magnetic phase transition, which occurs in the paramag- 
netic phase well above the bulk Neel transition at TN.' The 
rapid divergence between the FC and ZFC curves of x(T) is 
similar to that seen in SDW Cr alloys containing Mn.4'7 In 
the latter case, however, the irreversibility appears at the so- 
called pinning temperature in the SDW phase well below 
TN, and has been attributed to the frustration of Cr moments 
at the boundaries of polarization domains of the SDW cen- 
tered on the Mn moments.4 
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FIG 3. Temperature dependence of the difference A;f(T) between the FC 
and ZFC susceptibility relative to the value at temperature 400 K. 

We propose that the anomaly seen in FC x(T) curves in 
both CrFeV and CrCoV alloy corresponds to the onset of a 
local-SDW phase. Tugushev8 has predicted that regions of 
short-range SDW order will develop around a defect or im- 
purity in a SDW host at a temperature above the bulk Neel 
transition to the SDW phase. We attribute the irreversibility 
to frustration of Cr moments that lie at the boundaries be- 
tween these local-SDW regions centered on Fe moments. 

The irreversibility in the paramagnetic alloy 
(Cr+2.7% Fe)95V5 is presumably due to its proximity to the 
SDW phase, though long-range order never develops in this 
alloy. There is negligible hysteresis in the binary alloy 
Cr+2.7% Fe, but the addition of only 0.07% V produces 
strong irreversibility [compare Figs.  1(a) and 1(b)]. The 

weak irreversibility in the binary alloy Cr+3.2% Co is also 
greatly enhanced by adding only 0.1% V.1 This interesting 
effect, which we do not understand, is not however peculiar 
to V, and we see similar behavior in preliminary work on 
ternary alloys of Cr+2.7% Fe doped with Mo, Si, or Al. 
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Motivated by the geometry of the materials Na2Ti2As20 and Na2Ti2Sb20, we study a square-lattice 
Heisenberg antiferromagnet, with spins located at the bond centers. The largest exchange constant 
J couples neighboring spins in a given row or column. This leads to a mesh of isolated spin chains 
running along the X and Y axes. A weaker exchange constant J' couples the nearest-neighbor spins 
on the lattice. Classically, J' fails to fix the relative spin orientation for different chains and hence 
the ground state is highly degenerate. Quantum order by disorder effect is studied by spin-wave 
theory and numerical methods. It is shown that a four-sublattice order is favored by quantum 
fluctuations. However, several arguments are presented that suggest that the ground state of the 
system remains disordered, thus providing us with a paradigm for a two-dimensional spin liquid. 
© 1998 American Institute of Physics. [S0021-8979(98)32511-6] 

In recent years many new materials have been discov- 
ered which exhibit novel magnetic behavior. Various aspects 
of quantum magnetism, including quantum critical phenom- 
ena and existence of spin-disordered ground states with spin 
gaps have been observed in a variety of Cuprates, Ger- 
manates, Vanadates and other low-dimensional materials. 
One interesting fact that has come to light in these studies is 
that the geometrical arrangement of the transition metal and 
oxygen ions can have a dramatic impact on the underlying 
microscopic spin Hamiltonian and hence on the macroscopic 
magnetic properties of the system. For example in various 
cuprates, the Cu-O-Cu bond angle is crucial for determin- 
ing the effective exchange constant between copper spins. 
Thus, strontium cuprates with certain stoichiometry behave 
as virtually decoupled spin ladders,1 even though the separa- 
tion of the copper spins between neighboring ladders may be 
smaller than their separation within a given ladder. In the 
CuGe03 (Ref. 2) and CaV„02n+1,

3 it is also believed that 
superexchange between the transition metal ions is mediated 
by oxygen and because of the geometry of various bond 
angles and occupied orbitals the second neighbor interactions 
are substantial compared to nearest neighbor ones. 

Here, we consider a Heisenberg Hamiltonian: 

=/2 srs.+/'E s,-s,-, 
(iJ) (iJ) 

(1) 

with J'<J. The interactions are shown in Fig. 1. The ex- 
change / couples neighboring spins in a given row or col- 
umn, whereas /' is the nearest neighbor coupling between 
rows and columns. In the absence of J' the system consists 
of a square mesh of decoupled spin chains running along the 
X and Y axes. The motivation for studying such a model 
comes from the materials Na2Ti2Sb20 (and also 
Na2Ti2As20).4'5 These layered titanates consist of planes of 
(Ti2Sb20)2~, where the oxygen atoms form a square lattice 
and the titanium atoms sit at the bond centers of the lattice. 

The antimony atoms sit above and below the centers of the 
elementary squares. The titanium atoms carry spin half. It is 
evident from the geometry that if the dominant exchange 
interaction is provided by a direct overlap between the tita- 
nium orbitals, this material would behave as a nearest- 
neighbor Heisenberg model. If, on the other hand, the domi- 
nant interaction is mediated by oxygen orbitals, it would 
result in the largest interaction between neighboring spins in 
a given row or column, thus leading to our Eq. (I).6 Finally, 
if the dominant exchange is mediated by the p orbitals of 
antimony, the Hamiltonian in Eq. (1) could still be appropri- 
ate, the lattice being dual to the one shown. 

We begin by studying this model in the linear spin-wave 
approximation. As finding the correct local spin configura- 
tion is based on energetic considerations, we expect the spin- 
wave theory to be at least qualitatively correct. Notice that 
the problem at hand has "double" degeneracy in the classi- 
cal limit: it is evidently degenerate with respect to relative 
angle 6 between quantization axes on vertical and horizontal 
chains, as well as with respect to relative orientation (f> of 
quantization axes on the neighboring parallel chains. Based 
on the fact that Hamiltonian (1) classically has no spiral or- 
dering, and on insight from a somewhat analogous problem 
of coupled planes,7 we restrict variation in <p to two possible 
values: <j)=0 (ferromagnetic ordering of neighboring parallel 
chains) and <p=tr (antiferromagnetic one). This degree of 
freedom is then naturally represented by Ising-type discrete 
variable Tt i+l=l(c/>=0) or TI-II-+1 = O(0=IT), defined for 
each pair of chains (i,i+1). The calculations are simplified 
greatly by choosing quantization axes on all sites such that 
the ordering is ferromagnetic. This is achieved by a unitary 
transformation parametrized by an angle 6 and a set of 

(Ti,i+l)- 

We now integrate out spins on the horizontal chains to 
find an effective Hamiltonian for the remaining spins. This is 
achieved by representing spins on vertical (horizontal) chains 
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FIG. 1. The exchange interactions J and J' in our model, shown by solid 
lines and broken lines, respectively. 

in terms of Holstein-Primakoff bosons a(b), and doing per- 
turbation expansion in J'/J. First, nonzero contribution is of 
the type /' 22e,e,Sf+e(a)Sf+el(a)(Sf(b)Sf(b))„, where 
averaging is with respect to the bare Hamiltonian of horizon- 
tal chains and Si+e spins belong to vertical chains, i.e., J' 
acts along the (i,i + e) links. The average is nonzero when i 
and j belong to the same horizontal chain and a = ß. It is 
seen that effective interaction between spins on vertical 
chains is time-dependent, but strongest contribution comes 
from static (a>„ = 0) part of the average. Denoting J"{i—j) 
= J'2{S?(b)Sf(b))b and Jl{r) = Jl(r-\) + Jl(r), we 
find that geometry dictates the following coupling between 
remaining parallel chains n and m, 

ffi„=S Jl(n-m)Sa
nJ(2Sa

mJ + Sa
mJ+l + Sa

mJ_l).     (2) 
ia 

Notice that long-range-ordered part of (S?(b)Sf(b))b, if 
any, cancels out due to antiferromagnetic (AFM) correlations 
along the chains, and the effective interaction decays at least 
as (n — m)~2. It is also important to realize that J" is aniso- 
tropic in spin space, in particular J^—cos2 6. Notice that 
classically the system remains degenerate because (2S^_,- 
+ ^m,i+i + ^m,i-i) = 0- Given the fast decay of the induced 
interchain interaction with the distance we restrict ourselves 
to the strongest interaction, J"(\), between nearest chains. 
To find corrections to ground state energy due to this cou- 
pling, we next treat JL as a perturbation (see Ref. 7 for 
description of the procedure). After long algebra one finds 
quantum correction to the ground state energy (per chain) of 
M parallel chains of length N: 

1 M 

8EGS=--2, €(qy)C(J'/J)4 cos2 6% (l-2r,.,.+ 1), M i=i 

(3) 

where e{q) = 2JS\smq\ is the single AFM chain dispersion 
in spin-wave theory, C=((Sx

0S
x

0) + (Sx
0S

x
l))2/64, and explicit 

form of JL was used. Note that correction is down by 1/5 
factor, showing its quantum origin. Thus the energy is mini- 
mized by choosing all r!i + 1 = 0 (AFM configuration) and 
cos2 0=1. This result agrees with well-known tendency of 
quantum fluctuations to favor colinear structures.8'9 

Having found the ground state configuration of spins, we 
can determine the spin-wave dispersion and calculate the re- 
duction in sublattice magnetization due to quantum fluctua- 
tions. This reduction turns out to be divergent due to a re- 
maining artificial degeneracy of the spin-wave spectra. 
Similar divergency arises in a quantum order by disorder 
calculations on other systems and is known to be removed by 
the higher-order quantum corrections to the spin-wave 
spectra.10 This technically difficult calculation has not been 
done. We would like to stress that the ground state structure 
found in Eq. (3) is determined by short-range spin correla- 
tions (i.e., by the correlations within the correlation length 
range) for which spin-wave approximation should work even 
if the sublattice magnetization vanishes. 

Let us now take a closer look at the elementary excita- 
tions of the single chain. It is convenient to perform "stag- 
gering" of the spin configuration so that Neel ordering along 
the chain corresponds to the ferromagnetic one in the new 
representation. In this representation an elementary excita- 
tion of the chain is a domain wall (spinon) separating ferro- 
magnetic domains of different orientation. The energy of a 
single domain wall is Jz. Consider now unfrustrated cou- 
pling J± between nearest spins on neighboring parallel 
chains: however, small JL is, it immediately leads to the 
suppression of spinons because the energy costs is propor- 
tional to 7±X (length of domain) and diverges in the ther- 
modynamic limit. This is an intuitive reason for the stabili- 
zation of LRO in the system of unfrustrated coupled 
chains.11 But this is not true for our Hamiltonian (2), where 
each spin is coupled to the zero-spin combination of spins on 
the neighboring chains. Thus domain wall excitations of the 
single chain seems to survive in the presence of nonzero /', 
hinting to the possibility of the absence of LRO. 

The effect of the "mixing" interchain coupling J' can 
also be taken into account in the disordered phase, where the 
interspin interaction is isotropic. We write the partition func- 
tion of the Hamiltonian (1) in the interaction representation, 
where independent chains are considered as unperturbed sys- 
tem and interchain coupling J' as a perturbation.12 Perform- 
ing trace over the horizontal chains first one finds effective 
interaction between spins on the vertical chains proportional 
to (J'(k))2G<-0)(kx,ü>„)Sa(k,Mn)S

a(k,ü>„), similar to our 
previous spin-wave calculations. Here G(-°\kx,cun) is the 
rotationally-invariant one-dimensional spins Green's func- 
tion in Matsubara representation, and J'(k) 
= J' cos(kx/2)cos(ky/2). Decoupling spins on different 
chains via a Hubbard-Stratonovich transformation,12 the 2D 
Green's function of the spins on vertical chains becomes 

G{kx,ky,(t)„) = 
G(0\kv,ojn) 

l-(J'(k))2Gw(kx,a>n)GW(ky,a>n)- 
(4) 

The known form of G((>\kx ,<o„)13 implies that (i) the singu- 
larity at k0 = (77-,7r) remains unchanged because 7'(k0) = 0, 
(ii) the uniform susceptibility is X = Xo^i^ ~(Xo-O2]» where 
Xo = l/( TT

2
J) is susceptibility of single chain, and (iii) inter- 

chain coupling comes into play below T*~J'. Within this 
approximation, the two-dimensional system remains in the 
disordered critical state at T=0, and in the quantum-critical 
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one at finite temperatures. This result should also be viewed 
with some caution due to the large degeneracies in the un- 
derlying problem. 

We now turn to numerical studies. Because of multiple 
energy scales, the development of short-range order at high 
temperatures is not necessarily indicative of the order for T 
~J'<J. Thus we need to study the ordering tendency di- 
rectly at low temperatures. As J'IJ< 1, the coupling between 
the local order parameters on the neighboring parallel chains 
can be gotten by perturbation theory. We study the following 
correlation function between neighboring vertical chains: 

ci2=   2 (-l)'S1,,-2(-l);S: 2j (5) 

here S1>; represents spins on first vertical chain and S2)I- rep- 
resents spins on second vertical chain. A value of c12>0 
would imply ferromagnetic ordering whereas c12<0 would 
imply antiferromagnetic ordering. The leading order contri- 
bution to c12 requires the interactions to be mediated by at 
least two horizontal chains. To make the perturbation theory 
numerically tractable, we confine ourselves to finite chains 
along vertical and horizontal directions (with periodic 
boundary conditions). For four spins in each of the chains, 
we can carry out perturbation theory using series expansion 
methods.14 We find that c12~-9X 10"6(77/)6, which is 
negative confirming the tendency of the parallel chains to 
align antiferromagnetically. We have also used Lanczos 
methods to calculate this correlation function with up to 6 
spins in each chain for |/7/|^0.3. In all cases the coupling 
remains antiferromagnetic and very weak. For the six-spin 
system, c12 appears to scale as {J' IJ)A as expected from 
general arguments and spin-wave theory presented earlier. 
Diagonalization of a 32-site system is in progress. 

Assuming the local ordering pattern obtained in spin- 
wave theory, we can now investigate the question of long- 
range order by an Ising expansion for our original Hamil- 
tonian. We write the Hamiltonian as JW(X)=H0+\H1, 
where H0 consists of an Ising Hamiltonian, whose two 
ground states are ordered in the four-sublattice pattern and 
Hi=J^-H0, with S@being the full Hamiltonian in Eq. (1). 
We develop expansions for the sublattice magnetization in 
terms of the expansion parameter \. If the system has long- 
range order, the expansion should converge up to X = l, 
whereas if it is disordered there should be a critical point at 
X< 1. Without explicit calculations, we can make the follow- 
ing observation: because of the cancellation of the effective 
field from one chain to another, the purely one-dimensional 
graphs remain unaffected by the coupling between the 
chains. We know that these add up to zero sublattice mag- 
netization at the Heisenberg point. The effects of the other 
graphs is to further reduce order, thus moving the Heisen- 
berg system into a quantum disordered phase. We have car- 
ried out these expansions to order A.8 for a range of /'// 
values. The analysis suggests critical values less than unity, 
implying a disordered ground state for the Heisenberg limit. 

Additional insight can be gained by studying the J'>J 
limit of the model, where the Neel state on 45° rotated lattice 
is stabilized by the J' interaction. As J increases from zero, 
quantum fluctuations grow stronger and at (7/7')crit=0.76 
(within linear spin-wave approximation) finally destroy long- 
range order, analogous to J\-J2 model.8 That these two 
systems are very similar is also supported by the fact that the 
critical value of frustrating interaction J quoted above is ex- 
actly twice the corresponding critical value of J\ - J2 model. 
Given this analogy, we speculate that disordered phase at 
///'5=0.76 is a spontaneously dimerized one,14'15 with verti- 
cal and horizontal chains formed by the exchange / being in 
the valence-bond-type state. However, extensions of these 
results to JIJ'>\ is problematic as at /=/' this system 
classically has a finite ground state entropy16 and may 
change character at that point. Clearly, more work is needed 
to understand the nature of the disordered phase. It is inter- 
esting to ask what will happen upon introducing of a mobile 
charge carriers into the chains. There are apparent similari- 
ties of this problem with a recent study of a square mesh of 
conducting horizontal and vertical stripes.17 

In conclusion, we have identified a new frustrated lay- 
ered Heisenberg model, which could have a two-dimensional 
spin-liquid ground state. The magnetic properties of the ma- 
terials Na2Ti2As20 and Na2Ti2Sb20 maybe represented by 
such a model. 
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A numerical method which allows the evaluation of the energy barrier height between any two 
metastable states in a many-particle system with continuous degrees of freedom and arbitrary 
interparticle interaction is presented. The method uses the minimization of the Onsager-Machlup 
action corresponding to the given path between the two states. The path which minimizes this action 
is supposed to be the optimal path between the states under consideration and the height of the 
energy barrier separating these states is determined as the energy barrier along this optimal path. 
Test results for a simple two-dimensional potential (where the optimal path can easily be visualized) 
and for a dipolar glass are presented. © 7995 American Institute of Physics. 
[S0021-8979(98)32611-0] 

Evaluation of the energy (and free energy) barriers be- 
tween metastable states in interacting many-particle systems 
is one of the most challenging problems in various areas of 
physics,1 in particular, in the condensed matter physics of 
disordered systems with frustration like spin glasses.2'3 

At the present time we lack general methods for the 
evaluation of these barrier heights, except, maybe, direct 
Monte Carlo simulations of the system escape over such bar- 
riers which are based on the Langevin equations ',4,5 and can 
be applied only if the barrier height AE is comparable with 
the temperature T. In this contribution we would like to pro- 
pose a numerical method which in its initial form is suitable 
for the energy barrier evaluation of arbitrary height in any 
classical interacting many particle system with continuous 
degrees of freedom, e.g., systems of "usual" classical par- 
ticles, dipolar and RKKI spin glasses, Heisenberg (but not 
Ising!) models. 

Main idea. Since the work of Onsager and Machlup,6 it 
is well known (see also Ref. 7) that for a system of N clas- 
sical particles which motion can be described by coordinates 
x=(x1,...,xN) and velocities x and which interaction energy 
V(x) depends on their coordinates only the probability to 
observe a given trajectory x(t) for the transition between the 
two states A and B during the time tj [xA(0)—>xB(tf)] is 
given by 

P[x(t)]=-J[x]exp 
S[x(t)] 

AD 

where the action S[x(f)] is defined as 

JO i 

dXj     dV(x))2 

dt dX: 

(1) 

(2) 

The form of the action (2) is the direct consequence of 
(i) the Langevin equations of the particle motion under the 
influence of the deterministic and random thermal forces (ne- 
glecting inertial terms) and (ii) the assumption that these 
thermal forces can be considered as independent Gaussian 
random quantities with zero correlation time. The Jacobian 
J[x] accounts for the variable transformation from the sys- 
tem coordinates to the thermal forces and the coefficient D in 

the exponent of (1) characterizes the thermal noise power 
and hence is proportional to the system temperature: D~T. 

In principle, the statement (1) solves any problem related 
to the transition between A and B, because the total transi- 
tion probability Ptot(A—>ß) is then given by the integral of 
(1) over all paths x(t) and transition times tf. Unfortunately, 
the evaluation of the corresponding path integral is not pos- 
sible for any interacting system of real interest, which is 
probably the reason why the idea outlined above was not 
used in real calculations except some oen-dimensional (ID) 
problems.8'9 

However, it can be seen from (1) that in the low tem- 
perature limit (D—>0 and hence T—>0) the only significant 
contribution to P[x(t)] comes from the paths near the tra- 
jectory which minimizes the action S[x(f)]; it is called an 
"optimal" path xop,(?)- In this case the energy barrier for the 
transition A—>B can be found as the barrier along this trajec- 
tory: AE(A —>B) = Emax(xopt)-EA . So the "only" problem 
left is the minimization of the action functional S(x). 

The easiest way to perform this minimization is the ap- 
proximation of the integral (2) by some numerical quadrature 
formula and the subsequent minimization of the many- 
variable function obtained this way. Approximating (2) by 
the simplest quadrature, we obtain 

5,(x) = Ar2 
x*+l-x* 

At 
■ + 

1 dV{x}     dV{x} 

2\dxk
: 

+ x dx" 
(3) 

where At—tflK, K is the number of time slices used, x, is 
the coordinate of the ith particle at the time tk=kAt. The 
problem of the determination of the time slice number will 
be addressed elsewhere.10 Minimization of Sd(x) as a func- 
tion of N-K variables x] provides a discrete representation 
of the optimal path which can be used to calculate the cor- 
responding energy barrier. 

A simple test example. The result of the simplest possible 
test of the method, calculation of an optimal trajectory for a 
transition of a particle in a 2D space (x{,x2) between the 
two local minima of the potential 

V(x) = 2 Uj 1 + 
x-r, 

A; 
(4) 
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FIG. 1. Optimal trajectory (white line) for the particle transition between the 
two minima Mt and M 2. 

is shown in Fig. 1. The energy surface used possesses two 
peaks Pl and P2 (Uj>0) and two holes Mx and M2 (Uj 
<0). The starting trajectory for the minimization process 
was a straight line Ml-M2. The final trajectory shown in 
Fig. 1 clearly passes through a saddle point providing the 
correct value of the energy barrier separating the minima M\ 
and M2 (a "true" optimal trajectory). 

In this test case the optimal trajectory could be easily 
found due to a simple energy landscape. For a many-particle 
system, the search for a true optimal path between the two 
energy minima by the minimization of the action (2) [or (3)] 
is much more difficult, because this action has many local 
minima. Namely, any trajectory which proceeds along the 
gradient lines of the energy surface (i.e., for which i,- 
= ± dV{x}/dxt) provides a local extremum to the action (2), 
see Ref. 9 for the proof in the ID case. 

For the energy surface presented in Fig. 1, this means, 
e.g., that the trajectory climbing along the gradient lines 
from Mj up to Pj and then going downhill from Pj to M2 

also provides a local minimum to the action (2), and obvi- 
ously gives a wrong value of the energy barrier (a "false" 
optimal trajectory). It is easy to construct an example where 
even the values of the action corresponding to the true and 
false optimal paths would be the same (just consider a sys- 
tem of two noninteracting particles each moving in a ID 
double-well potential). For this reason, an additional analysis 
of the found optimal trajectories is necessary, so we devel- 
oped an algorithm to distinguish between the true and false 
action minima (trajectories passing through the saddle points 
and climbing over the local maxima); due to the lack of 
space details of this algorithm will be described elsewhere.10 

Here we would like to present only its main idea: for many- 
particle systems with complicate energy landscape, we ex- 
pect that many different local energy minima can be achieved 
when we minimize the system energy starting from any en- 

ergy maximum and moving in different directions (in con- 
trast to Fig. 1 where only two minima exist). For this reason, 
we have tried to find out which local energy minima can be 
found starting from various points scattered randomly in the 
vicinity of the trajectory point PE with the largest energy. 
For a true optimal trajectory, PE is a saddle point for the 
transition M{—>M2 and the energy minimization starting PE 

(or sufficiently close points) would bring us either to A^ or 
to M2. For a false optimal trajectory, PE represents an en- 
ergy maximum so that minimizing the system energy starting 
from PE we would (with the probability rapidly growing 
with the particle number) discover other local minima differ- 
ent from both Mx and M2. This would indicate that PE is a 
maximum rather than a saddle point and that the correspond- 
ing optimal trajectory is a false one. 

Implementation of the method for a system of magnetic 
particles. Let us consider, e.g., a system of small identical 
single-domain ferromagnetic particles (fixed in a nonmag- 
netic matrix) each having the volume V and the saturation 
magnetization Ms and carrying the magnetic moment m, of a 
constant magnitude mj=VMs. The magnetization state of 
such a system can be defined most conveniently using the 
spherical angles (6t, <£,) characterizing the orientation of the 
z'th magnetic moment. Below we denote the set of these 
spherical coordinates for all particles as ft. 

The action S[ft(f)] corresponding to the transition Q,A 

—>ClB between the two given metastable states A and B of 
the system can be derived from the Landau-Lifshitz-Gilbert 
equations of motion for magnetic moments in the presence of 
thermal fluctuations11 exactly as the action (2) is derived 
from the Langevin equations of motion for usual particles.6'9 

The result is (if the precession term can be neglected) 

S[Cl{t)] = f'*2 
Jo i 

+  sin 9: 

dOi    dE{Q,}\2 

~dt+    dOi   j 

d<t>i        1     dE{Cl}\: 

dt      sin 6t    d<f>i   J 
(5) 

Minimization of this functional in the D, space gives the 
"optimal" path which can provide information about the 
energy barrier between the states Ü,A and flB exactly as ex- 
plained above. 

The method was applied to a system of magnetic par- 
ticles having the "easy axis" magnetic anisotropy with the 
energy Ean=0.5ßM2

sV sin2 if/, where ß(>0) is the reduced 
anisotropy constant and if/ is the angle between m and the 
easy axis direction n. Without the external field (this was 
always the case for the results reported below) a single such 
particle has two equivalent equilibrium magnetization states 
(along the two opposite directions of the anisotropy axis) 
separated by the reduced energy barrier e=E/(M2V) = ß/2. 
The barrier found by our algorithm for a single such particle 
or for a system of noninteracting particles with different an- 
isotropy constants agreed with this value within the numeri- 
cal accuracy. The test on a system of noninteracting particles 
was necessary to ensure that the algorithm discriminating 
between the false and true local minima of the action works 
properly. 
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FIG. 2. Energy barrier distributions found by our algorithm for the system 
of N= 128 dipolarly interacting magnetic particles with the uniaxial anisot- 
ropy (/?= 2.0) for various particle volume fractions c as shown in the figure. 

Next we considered a system of N= 128 dipolarly inter- 
acting particles with equal anisotropies ß0 = 2.0 which were 
placed randomly (but nonoverlapping) in the cubic volume; 
periodic boundary conditions were assumed. The depen- 
dence of the energy barrier distribution on the particle vol- 
ume concentration c was studied. To obtain the distribution 
density of energy barriers we have generated a number of 
(meta)stable states starting from various initial moment ori- 
entations and then minimized the actions (5) corresponding 
to the transitions between various pairs of these states. Typi- 
cally for each histogram shown in Fig. 2 and Fig. 3 several 
hundred energy barriers were calculated. 

Results of our simulations are shown in Fig. 2. As it 
should be, for the lowest concentration (77= 0.001) almost 
all barriers are nearly equal to the single-particle barrier e 
= /S0/2=1.0 because for this concentration the interaction 
effects are almost negligible. Note, however, a few barriers 
well below this value which occur due to a strong interaction 
of particles positioned by chance very close to each other. 
Already for the next (still quite low) volume concentration 
77=0.01, a considerable amount of barriers with another 
(mostly lower) values occur, because a fraction of closely 
positioned particles increased. For the system with the mod- 
erate (c = 0.08) and high (c = 0.24) concentrations, the col- 
lective interaction effects lead to a qualitatively different en- 
ergy barrier distribution strongly shifted to the lower 
energies. 

Another example of such a transition from the single 
particle to the collective behaviour is presented in Fig. 3, 
where results of our simulations for a system of N= 128 
particles with the particle volume concentration c = 0.04 and 
different single-particle anisotropy constants are shown (note 

P(e) 

ß=10.0 

_«aaf Li 

ß=0.1 logios 

-1 0 1 

FIG. 3. The same as in Fig. 2 for systems of particles with the concentration 
c = 0.04 and various anisotropy constants ß as shown in the figure. 

the logarithmic scale of the energy axis). It can be seen that 
for the smallest anisotropy considered (/3 = 0.1) collective 
effects clearly dominate, whereby all barriers found in the 
system with the largest anisotropy value (ß= 10.0) lie in the 
vicinity of the single-particle energy barrier e= /3/2=5.0. 

Due to the limited paper length we cannot discuss the 
relation between our results and experimental data, e.g., for 
magnetic viscosity12'13 or ac susceptability of ferrofluids.14 

We only mention that care should be taken by establishing 
such a relation because (i) all experiments were performed at 
finite (and even not at low) temperatures so that the density 
of free energy barriers is required for their interpretation, (ii) 
transitions over different barriers lead to different moment 
changes which is essential for the calculation of both mag- 
netic susceptibility and magnetic viscosity. Clearly further 
investigations are necessary. 
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The dynamics of dipolarly coupled magnetic moment systems representing sets of microwires has 
been simulated in the cases of (i) moments coupled through first-neighbors dipolar interactions and 
in that of (ii) moments coupled through exact many-body dipolar ones. Our results show that, in the 
case of the small size systems and independently from their parity, the dynamics is based either on 
localized excitations (of the antiferromagnetic domain wall-like type) or in collective modes 
depending on the occurrence of either short- or long-range dipolar interactions, respectively. When 
large size systems are considered the dynamics is based on localized interactions independently of 
the parity and the type of the present interactions. © 1998 American Institute of Physics. 
[S0021-8979(98)32711-5] 

It has been shown that sets of glass-coated microwires, 
produced by the Taylor technique,1 have an interesting dy- 
namics characterized by the occurrence of multistable 
behavior2 which makes them especially interesting in order 
to develop magnetic field sensors.3 Our purpose here is to 
analyze, in terms of a simple model, the dynamics of the 
magnetization reversal of sets of microwires having different 
size, parity, and range of dipolar coupling. Our model system 
corresponds to equally spaced individual microwires dis- 
posed in a ring. In real microwires, the field-induced mag- 
netic moment reversal proceeds through a nucleation- 
propagation sequence with associated local moment 
structures involving only a small part of the total volume of 
the wire.1 Therefore, a fine micro wire discretization would 
be necessary in order to describe that reversal in a rigorous 
manner. Nevertheless, and since the propagation of the ini- 
tially reversed nucleus is very rapid1 and considering the fact 
that the wires have a length-to-diameter ratio of the order 
103, in what follows we will represent their magnetic state 
by that of a single magnetic moment with only two possible 
orientations. We will also assume that those magnetic mo- 
ments (as the applied magnetic field) always point perpen- 
dicularly to the ring plane. To allow that thermal fluctuations 
could play a significant role in the demagnetization process, 
we have chosen a magnitude for the magnetic moments 
forming the system of 10~14 A m2. The total system energy 
includes dipolar and Zeeman terms and is written as 

1,7=1 

1 N -       - 
-75-{.mimj)-iJ.0MsZ, mi(H-Hc), 
aij >=i 

where m,= ± 1, d^ is the intermoment distance correspond- 
ing to the z'fh and y'fh sites (the distance between neighboring 
microwires is d=2X 10~5 m), /J,0H is the applied magnetic 
field and ju0flr

c = 5X 10~6 T represents the microwire coer- 
civity which we phenomenologically introduce as a field par- 
allel to the applied one for the demagnetizing branch of the 
hysteresis loop and antiparallel to it for the remagnetizing 

one. We have considered two different interactions schemes: 
(i) nearest-neighbors interactions (in this case j = i±l, dtj 
= d and the model coincided with the antiferromagnetic 
Ising) and (ii) exact, long-range, many-body interactions. 
When the external applied field was varied in small steps 
(yu0A/i = 5X 10"8 T), the dynamics of the system was fol- 
lowed by means of a Monte Carlo algorithm implemented 
with Metropolis dynamics in a canonical ensemble. The tem- 
perature fluctuations were introduced as random moment re- 
versals. These reversals were accepted either in the case 
when they resulted in system internal energy decrease or 
when a system energy increase was consistent with the Bolt- 
zman distribution function. Figures 1(a) and 1(b) show the 
hysteresis loops evaluated in two small size systems having 
first-neighbors interactions and even (8) and odd number (9) 
of moments, respectively. In the case of the 8 moments sys- 
tem, a state of zero component (measured along the applied 
field direction) of the total magnetic moment, corresponding 
to the (antiferromagnetic) ground state of the dipolar inter- 
actions, can be achieved. In contrast with this, in the case of 
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FIG. 1. (a) Hysteresis loop evaluated in (a) 8 moment and (b) 9 moment 
systems (first-neighbors coupling, r=50K). 
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FIG. 2. Field dependence of the temporal correlations in systems having 8 
and 9 moments coupled by many-body and first-neighbors interactions (in- 
set) (r=100K, r=20MCS measured after a thermallization stage of 20 
MCS). 
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FIG. 3. Demagnetization branches of the hysteresis loops corresponding to 
systems formed by 21 moments coupled through first-neighbors and long- 
range interactions (T= 100 K, average over 103 temperature realizations). 

the 9 moments system that zero component state cannot be 
achieved due to the topological frustration of one of the mo- 
ments in the system. That frustration is associated to the 
twofold total moment degeneracy of the ground state of the 
dipolar interactions and is made evident by the four different 
states that can be stabilized, in different field ranges, in this 
case. The dynamics of small size systems with only first- 
neighbors interactions is illustrated as inset in Fig. 2, where 
we present data corresponding to the applied field depen- 
dence of the quantity {mi(t)mi(t+ T))itT giving the con- 
figurational, thermal and time (measured in number of MCS) 
average of the system correlations after a time. As it is clear 
from the figure both systems are perfectly autocorrelated at 
all the field values with the only exception of those corre- 
sponding to the transitions between the stable states. This 
result suggests that these transitions involve localized exci- 
tations which should correspond to the creation or annihila- 
tion of pairs of antiparallel local moments (the exception to 
this should be the reversal of the frustrated moment in the 
case of the odd number of moments systems, which could 
involve three moments). Evaluation of (/n,(f)>«,(f+T)),-,r 

in systems having 8 and 9 moments and many-body dipolar 
interactions (see Fig. 2) revealed that in this case the system 
was more frustrated than when only the first-neighbor inter- 
actions are present. In a larger size system with many-body 
dipolar interactions, the dynamics is of the collective type. 
To discuss that point let us assume that the system is satu- 
rated upwards and submitted to a demagnetizing applied 
field slightly lower than that corresponding (in systems with 
only first-neighbors interactions) to the transition from the 
saturated state to the ground state of the dipolar coupling. If, 
due to the thermal fluctuations the *'fh moment reverses, its 
reversal induces changes in the local field of the (i'± 1 )th 
moments. If the acting dipolar interactions are of the nearest- 
neighbors type, the dipolar field at the («±l)fh moments 
will be zero since the (i'±2)th and the z'th moments are 
antiparallel. Differently, if the moments are coupled through 
long-range interactions the dipolar field at the (i± l)fh mo- 
ments reinforces the applied one: the first-neighbors contri- 
bution to the local field is still zero but the second neighbors 
one (which dominates the total dipolar field) is of the demag- 

netizing type (both second neighbors still point along the 
initial saturation direction). Thus, the reversal of the (/± l)th 
moments is favored in the case of the long-range interactions 
with respect to that of first neighbors ones. Once the reversal 
of the (j'±l)th moments is accomplished the antiparallel 
alignment with the field of the i'th moment is, for similar 
reasons, favored, which allows to achieve locally the antifer- 
romagnetic magnetic moment configuration. Also, and more 
generally, in a system with many-body interactions, the first- 
neighbor moments of those limiting a region with antiparal- 
lel moment configuration will always tend to flip due to the 
demagnetizing dipolar field created by their second neigh- 
bors. In conclusion, the presence of long-range dipolar inter- 
actions favors a system size large avalanche-like reversal 
process. Our point is clearly illustrated in Fig. 3 where we 
compare the demagnetizing branches of the hysteresis loops 
evaluated in two 21-moment systems having first-neighbors 
and many-body interactions, respectively. From these results, 
it is clear that the nucleation of the antiferromagnetic state 
takes place at a measurably smaller field in the case of the 
system undergoing many-body interactions. Figure 4 shows 
the variation of the demagnetization branch of the hysteresis 
loop with the number of moments integrating the system. 
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FIG. 4. Demagnetization branches of the hysteresis loops corresponding to 
systems formed by different (even) number of moments coupled through 
long-range interactions (7"= 10 K, average over 200 temperature realiza- 
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FIG. 5. Field dependence of the temporal correlations in a system having 52 
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FIG. 6. Constant field (-4.8X 10"6 T) time dependence of the temporal 
correlations evaluated in a system having 51 moments coupled through 
long-range interactions. The inset shows the time dependence of the same 
quantity in a system of 51 moments coupled through first-neighbor interac- 
tions. 

Our data show the occurrence, for sufficiently large system 
sizes, of intermediate states in the moment reversal process 
as those observed in the case of the odd number of moments 
systems. These states are characterized by the presence of 
uncompensated moments (antiferromagnetic domain wall- 
like structures or spinons).4 The insets in the figure present, 
for the case of the systems having 24 and 52 moments, hys- 
tograms showing the probability of occurrence of a given 
number of antiferromagnetic domain wall structures at a field 
of -4.5X 10-6 T. In Fig. 5 we have plotted the temperature 
and field dependence of the {mi(t)mi(t+ T))itttT correlations 
evaluated for a system having 52 moments (first-neighbors 
interactions). Our results (indistinguishable from those ob- 
tained in a system with 51 moments) clearly evidence that 
the dynamics of these large systems is linked to localized 
excitations. Finally, in Fig. 6 we show the time evolution of 
the (mi(t)mi(t+ T))itUT correlations of two systems formed 
by 51 moments and having first-neighbors (inset) and many- 
body interactions, respectively. If the moments are coupled 
through many-body interactions it is possible to observe, at 
an intermediate temperature range, that the correlations os- 
cillate. These oscillations are related to the site degeneracy, 
since they are produced by the continuous displacement of 
the spinons present in the system. Comparison of the behav- 
ior of the two considered systems reveals that at sufficiently 
low temperatures both systems are perfectly time autocorre- 

lated. Nevertheless, the increase of the temperature produce 
different effects on the correlation depending on the type of 
interactions. For instance, at 1000 K, the system with first- 
neighbors interactions is still perfectly time autocorrelated 
whereas that having many-body interactions evidences that 
the correlation is lost after a short time. This result clearly 
indicates that, upon the introduction of the long-range dipo- 
lar coupling, it is much easier to achieve excited states of the 
dipolar interactions. To conclude we should say that, inde- 
pendently from the parity of the system (and therefore from 
the occurrence of frustration and from that of topological 
degeneracy), in the case of small size systems, the dynamics 
seems to be collective if many-body dipolar interactions are 
present and related to localized excitations if the moments 
are coupled through short-range dipolar fields. The dynamics 
of the larger system is always linked to localized excitations 
since, for the considered geometry, the increase of the total 
number of magnetic moments results in the increase of the 
distance between different regions of the system (the in- 
crease in size is thus associated to a decrease of the magni- 
tude of the long-range interactions). 
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A simple domain growth model is shown to account for aging in spin glasses. It accounts 
quantitatively for the change in glass temperature with frequency. It is shown that percolation 
clusters present in disordered systems are responsible for the peak in dMId In t, where M is the 
magnetization, and t is the time.   © 7995 American Institute of Physics. [S0021-8979(98)27611-0] 

INTRODUCTION 

The magnetization of a spin-glass which has been cooled 
in zero field displays aging effects below the glass tempera- 
ture, i.e. it depends on the time elapsed before application of 
the magnetic field. The derivative of the magnetization with 
respect to In t, divided by the field, called 5, shows a similar 
structure in all systems investigated.1'2 Characteristics are a 
peak at a time close to the waiting time, tw, and a difference 
in the initial value of S which depends on the waiting time, 
with longer waiting times resulting in lower initial values of 
S. Longer waiting times also result in lower initial values of 
the magnetization. 

At present two seemingly quite different explanations 
are advanced: The Parisi3 solution of the Sherrington- 
Kirkpatrick Hamiltonian4 has inspired a model in which 
metastable states are hierarchically organized in phase space. 
Aging is the result of the system overcoming barriers and 
populating additional states.5 The other considers aging to 
result from the growth of droplets6 or domains of correlated 
spins.7'8 Both approaches lead to spin relaxation times which 
slow as In t; so the differences between them may be more 
conceptual than real. 

Qualitative agreement with experiment, in the sense that 
calculated curves are more or less similar to measured data, 
has been demonstrated by many authors, but quantitative 
agreement is another matter. The hierarchical model has 
been shown5 to yield a substantially correct position for the 
peak in S, but a relatively large initial value of S, on the 
order of half the peak value, which depends on the waiting 
time, is not reproduced. It will be shown that a domain 
model gives not only the correct peak position, but the other 
details as well. 

Following Fisher and Huse,6 FH, consider an Ising spin 
glass with nearest neighbor interactions on a d dimensional 
lattice. The Hamiltonian is 

~ 2J JSjSj — H^j Sj, 
(U) 

(1) 

where the spins, S,-= ± 1, J is the nearest neighbor exchange, 
and H is a uniform magnetic field. 

In FH the characteristic length scale of domains grows 
as 

R~ 
T In (t/r) 

MT) 

i/i/i 

(2) 

where T is a microscopic time, and if/ is the barrier exponent, 
1 > if/> \. A sets the overall free energy scale of the barriers; 
for T<Tg it is ~J. 

If the microscopic nature of the spin relaxation is con- 
sidered it is clear that the relaxation of a spin reduces its 
constraint on its neighbors one of which can then relax, re- 
ducing the constraint on its neighbors, and so on along a 
sequence of spins. It is clear that the domain size cannot 
exceed the size of such a sequence. If the domain size is 
proportional to the distance between the first and last spins in 
the sequence Walton,8 W, derives 

R- 
]n(t/r) 

In p (3) 

where p is the number of equilibrium positions for S, in the 
Ising model p = 2 (the Ising model will be used in the re- 
mainder of this paper), and ß relates the number of spins in 
a sequence of relaxed spins, 

ln(f/T) 
n=~^p-' 

to R, the average distance between the first and last spins in 
the sequence, i.e., R~n^. If d is the spreading dimension,9 

and D the fractal dimension, the number of spins in the do- 
main is RD, and ß~d/D. In 3 dimensions d—1.83, and 
D=2.5,9 yielding yß=0.732. On the other hand, numerical 
simulations give ß«0.88.10 

Making an effective medium approximation10 for the en- 
ergy barrier to spin reversal, T~w0e~(£/r), where w0 is a 
fundamental attempt frequency, and E is the effective me- 
dium energy barrier in temperature units. 

Both expressions are of the form 

R=A[\n(t/r)]a = A lna(f/r), (4) 

where a is now a parameter, and A is temperature dependent 
in FH, but not in W. FH require 1 ^a<2, and in Wa<\. 

It is clear that if t is measured from the end of a waiting 
time t», 

R*lna\-—)=lna(g + k). 

THE GLASS TRANSITION TEMPERATURE, T, 

(5) 

9 

If after cooling to a low temperature a small field is 
applied, an increase in moment occurs because domains are 
able to grow, and R is able to increase. An increase in tem- 
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perature allows R to increase faster, and the moment in- 
creases as the temperature is raised. Eventually nucleation of 
new domains in the interior of existing domains limits their 
size. After a time t[<Tn the domain volume is RD 

=AD lnfy;/T), where b = aD. If there N spins, and the dif- 
ference in energy between the two spin orientations is V, 
«T=Afe~(V7r) spins will be reversed, and can nucleate new 
domains. Using the criterion that the maximum domain size 
is one that contains one reversed spin. The maximum sus- 
ceptibility will occur when RDe(-~v,T>~\, leading to 

V 
Tg=D In A + b ln(ln ö)0f,-(£,/rg))" 

(6) 

Tg can be obtained from this rather inconvenient expres- 
sion. 

THE PEAK IN S=dMIHd In t 

Domain boundary motion takes place by relaxation of 
spins on the boundary. This will occur preferentially at spins 
with equal numbers of neighbors on both sides of the bound- 
ary so that the constraint imposed by the interaction with the 
neighbors is removed. Thus relaxation of spins on the bound- 
ary can be considered to be a process of continual nucleation 
of new domains at spins. Therefore, the boundary of a do- 
main of scale R can be viewed as consisting of smaller do- 
mains of scale lna(f'/T), where t'<(t + tw), resulting in a 
self-similar fractal surface for the domain boundary, and the 
area of the boundary will be Rds, where ds>d-l.6 Thus 
after a time t has elapsed it should be possible to identify 
volumes on the boundary on all scales lna(f') where ?'=£?. In 
zero field this picture becomes somewhat academic since 
growth proceeds at equal rates for both spin orientations. 
However, in a magnetic field this is no longer the case, and 
the volumes of domains nucleated after the field is applied is 
different for the two spin orientations. 

In a magnetic field H, T~co0e~(-Q±IJ-H)/{T)=T0e
±h, 

where h = (fiH)/(T). Iff is measured from the time the field 
was first applied 

R± am«(g + ke±h) (7) 

and the new domain volumes are different. 
The spins can be expected to lie on a percolation struc- 

ture which can be viewed as a collection of clusters.11 Below 
the percolation limit the clusters are isolated from each other. 
Above it the infinite cluster can be viewed as an assembly of 
clusters, some of which are connected, this is the "blobs" 
and "links" model.12 For concentrations above the percola- 
tion threshold the cluster size distribution can be approxi- 
mated by see~Cs ,n where 5 is the number of spins in the 
cluster, and C is a constant on the order of the number of 
spins in the average cluster. In 3d, above the percolation 
threshold 6~\, and v=§, below, 6 § and v=l. 

Clusters smaller than lna g will be single domain. After 
the field is applied domain growth will take place in the 
larger clusters at different rates for the two spin orientations. 
As a consequence clusters with lna g<R±^ln"(g+ke±h) will 
become single domain. The difference between their vol- 

2.ST 

LOG(t) 

FIG. 1. The points are experimental values of S=(\IH){dMld In t) in units 
of 0.01M/H for Feo.sMnojT^ for two different waiting times, 102 s, and 
104 s from Svedlindh et al.u The solid lines are calculated. 

umes will contribute to the moment. The number of spins in 
the domain is ~RD and this contribution to the moment is 

+ 6e-Cs\ 8Md<* sy + ve  Ls - sl 

(8) 

Clusters smaller than [lna g]D will have become single 
domain during the waiting period before the field was ap- 
plied. Their moments cancel since the temperature is below 
Tg, and nucleation of new domains in the interior of clusters 
can be neglected. 

A second contribution will come from nucleation of new 
domains after the field is applied. The moment produced will 
just be proportional to the difference in volume of the new 
domains. Domains will nucleate most easily on the domain 
boundary. Nucleation in the interior of existing domains will 
be unimportant at temperatures below Tg, and will be ne- 
glected, thus, with b = aD 

Smn^\nb{keh)-\nb{ke-")-2hb In*-1 k (9) 

This contribution to the sample moment will be proportional 
to the total domain boundary area: If the domain contains 
nb=lnb(g+k) spins, and has area Rd* or nc, where c = ads a 
cluster of s spins will contain ~slnb domains, whose total 
area can be roughly estimated as ~{slnb)nc, and 

8M„<xh In' 

--h 

b-\ 
f« s1 + e 

-Cs" 

In' i-l 

r(a)ln*-c(g + fc) 
T{a,Cnvb), (10) 

where a=(2+6)/(v), T(a,x) is the incomplete gamma 
function, and T(a) is the gamma function. 

We    wish   to   calculate   S=Sd+Sn=d/hd In t(SMd 

+ SMn). 
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Differentiating the integrals in Eq. (8), expanding, and 
only retaining terms in h 

xlnvb(g + k)] 

g ln(g + k) 

ln<2+9>fc-l(g + k) 

[(2 + 6)b-l-Cvb 

tCWig+k) (11) 

Differentiating (10), and neglecting termes in h2, 

In"-2 k 

"   ln"-c(g + k) 
T{a,Cnvb) b-\ 

k{b-c)\n k 

(g+k)Hg+k) 
k In kCvb In' avb- 1 (g + k) 

{g + k)ecx«m^+V 

and if Cnv0<\, 

S„* 
lnfc~2 k 

lnb-c(g + k) 
b-l- 

k(b-c)ln k 

(g+k)Hg+k) (12) 

Because In fc=ln f+ln T is appreciable, initially the initial 
change in M is given by Eq. (12), which yields the initial 
values of S. If In 7^>ln t, it will be linear in In f, and if b 
—2, 5 will be roughly constant initially, which appears to be 
the case for many spin glasses. nb~c determines the differ- 
ence between the initial values of S. 

The factor k/(g + k)2 in Eq. (11) ensures that initially it 
makes no contribution to 5. On the other hand, it is respon- 
sible for the peak in S, and it is easy to see why this maxi- 
mum occurs when k~g. It should be noted that this contri- 
bution depends on the existence of percolation clusters, and 
should disappear if the sample is not disordered. 

COMPARISON WITH EXPERIMENT 

Experimental data for S for Fe0 5Mn0 5Ti02 obtained by 
Svedlindh et al.13 were compared with the predictions of the 
model. The fits are shown in Fig. 1. It was not possible to fit 
the data with the assumption that the system was below the 
percolation limit. The fits were scaled so that the single value 
calculated for ?w= 103 s, and ?=10s agreed with experi- 
ment. The fraction of sites on the boundary where domain 
growth could start was left as an adjustable parameter. The 
other parameters were ds = 2.06, l/r=e65, C = 0.0145, and 
fc = 2.2 which, If D is equal to 2.5, yields a = 0.88. 

The value of a seems to favor Walton's model, but since 
the parameters are not completely independent this conclu- 
sion can only be tentative. 

The change in Tg with frequency has been measured by 
Gunnarsson et al.14 for the same material. The values have 
been calculated from Eq. (6) 

Frequency, Hz 0.005 0.05 0.5 5.1 55 510 5100 51000 

7"j-measured, K 21.7 22 22.3 22.6 23 23.5 24.2 25 

T,-calculated, K 21.8 22.0 22.3 22.6 23.0 23.4 24.0 24.9 

The parameters are £=390K, V=616K, In &)0=30, 
and b = 2.2. Note that these values yield the value for 1/T 

from the fit to 5. 
It is important to note that, according to the model, the 

peak in S is due to percolation clusters. Thus a non- 
disordered spin glass in which such a structure is absent 
should not display a peak in S. Such a system is provided by 
the fully frustrated pyrochlore, Y2Mo207, and indeed no 
peak has been observed.15 However, when about 1/4 to 1/3 
of the Mo is replaced by nonmagnetic Ti the peak reappears. 

In conclusion, it has been shown that a simple domain 
growth model combined with the disordered structure of a 
spin glass can account for Tg and S. 
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